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General introduction  
 
 
In this chapter catalysis is briefly introduced, the concept of model catalysts and 
motivation of the study are discussed. Further, a concise review is presented of the 
catalytic systems studied, viz. platinum and manganese oxides. Finally, the aims of 





Catalysis is a natural phenomenon which immensely influences the economy of 
industrial countries and contributes significantly to the gross national product. 
Most chemical processes contain at least one catalytic step. Consequently it is hard 
to find a large-tonnage process in chemical manufacturing industry that is carried 
out without the use of catalyst(s), and a rough estimate is that 80-95 % of the 
processes use catalysts [1]. Apart from its main function to speed up chemical 
reactions which range from conversion of crude oil into gasoline, to the 
production of polymers, synthetic diamonds and many fine chemicals, catalysts 
also make it possible to reduce energy consumption and enable chemical processes 
to be more environmentally friendly. Environmental protection together with the 
need to produce selectively chemical substances stimulates research and 
development of new and improved catalytic systems.  
Catalysts can be classified into two main groups: homogenous and 
heterogeneous catalysts. Homogenous catalysis mainly occurs in the liquid phase, 
where the catalyst can be mixed completely with the reactants up to the molecular 
scale. The reactants and the catalyst are liquids or dissolved in the liquid phase. In 
heterogeneous catalysis, the catalyst is usually a solid and the reactants are gases or 
liquids, thus the phases are separated. Practical heterogeneous catalysts usually 
consist of metal or metal oxide particles stabilized on a high surface area support 
material. Zeolites, carbon materials and oxides such as SiO2, TiO2 and Al2O3 are 
the most common catalyst supports because of their large surface area, high 
thermal stability and good corrosion resistance. Most catalysts are prepared by 
different methods of wet chemistry (e.g., co-precipitation, impregnation and ion-
exchange) on a powder substrate. 
The dream of catalysis chemists to develop catalysts not on the basis of 
tedious examination of various combinations of chemical compounds, but on the 
basis of fundamental knowledge at present is still far from practice. However, 
some advances in this direction do begin to emerge [2].  
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1.2 Why model catalysts?  
 
For solving a complex task it is often practical to follow a popular wisdom: to break 
a broom is easier if to disassemble it into separate twigs. Following this principle in 
the study of model catalysts implies the evaluation of the catalytic performance of 
structurally simplified components of real catalytic systems. Regarding supported 
catalysts for this purpose one may use well-defined single-crystals which have a 
much simple structure than catalysts commonly employed in chemical technology, 
and particles/clusters to mimic a substrate and a supported (active) phase, 
respectively. Further advance is reached by combining these components, i.e. by 
the preparation of catalytic systems with well-defined supported phases on well-
defined single-crystal surfaces. One should be aware here that the properties of 
catalysts in chemical reactions as a rule are not the result of a simple superposition 
of the properties of their components, e.g., often a synergetic effect between the 
catalyst components is observed [3-12].  
The structure of the surface plays a key role in molecule-surface interactions. 
This poses the investigation of the surface properties of single-crystals as the first 
logical step that must be accomplished to understand the basic aspects of catalytic 
reactions and the action of supported catalytic systems. It should be noted that 
because of the above stated reasons the extrapolation of the results obtained on 
single-crystal model systems to real catalysts is difficult. This problem is commonly 
known as “materials gap”. Nevertheless, many experimental results show, model 
catalysts can reasonably well reproduce operation of “real-world” catalysts in some 
reactions [13-15].  
In the chemical industry catalytic reactions are often performed at high or 
atmospheric pressure whereas most of the surface science techniques used for 
structural and chemical analysis of surfaces can only be operated at very low 
pressures. Consequently, the realization of in-situ investigations which can provide 
catalyst performance-structure correlations are in general restricted to low 
pressures and the relevant question is: Can their results be transferred to catalysts 
working under real technological conditions? This problem is known as “pressure 
gap”. Nevertheless, studies at low pressures in an ultra-high vacuum (UHV) system 
using the single-crystal approach deliver a great deal of very useful information and 
help to get insight into the dependence of catalytic properties of supported catalysts 
on, e.g., metal particle size/state. This approach also provides a scientific basis to the 
molecular understanding of surface reactions [16]. The importance and applicability 
of the research of model systems to understand the catalytic action is demonstrated 
by the well-known investigations of the ammonia synthesis and carbon monoxide 
oxidation, studied in great detail by various surface science methods by Prof. 
Gerhard Ertl, for which he was awarded the Nobel Prize in Chemistry for 2007 [1]. 
The research of this thesis is related to what has been described above in 
the sense that it involves the study of single-crystal surfaces under UHV 




1.3 Motivation of the study 
 
The motivation for this work stems from interesting results which had been 
reported for manganese oxides and platinum containing catalysts promoted with 
Mn-oxides in different chemical reactions as described in the following sections. 
Besides, the surface structure of the Mn-oxides is an attractive subject of study in 
itself because manganese oxides exist in various oxidation states ranging from Mn2+ 
(MnO) to Mn7+ (Mn2O7, volatile liquid). This poses a challenge to prepare the 
single-phase manganese oxide surface of well-ordered morphology suitable for 
model catalysis research. In this thesis a considerable attention is given to the 
preparation of such MnxOy substrates, intended for subsequent metal deposition 
studies. It is to be noted that up to now there were no literature reports about the 
investigation of such oxide supports either by means of surface science techniques 
or in catalytic tests. The investigation of the morphology, structure and physico-
chemical properties of supported phases, for example, metal (Pt) nanoparticles as 
well as mechanisms of their nucleation and growth help to understand the origins 
of the catalytic action of supported catalysts [18, 19]. Therefore, we also made an 
attempt to obtain a deeper insight into platinum containing catalysts promoted 
with manganese oxides by performing platinum deposition on the MnO(100) 
single-crystal and prepared MnxOy surfaces and analyzing them using a range of 
surface science techniques. The metal-oxide interface interactions also are 
important in the field of supported heterogeneous catalysis and this issue will be 
briefly discussed in the thesis. The studies of the morphology of supported metal 
particles contribute not only to the understanding of heterogeneous catalysis but 
also to other important up-to-date technologies. I mention here the new and very 
interesting field of “cluster assembled materials” [20-24]. 
 
 
1.3.1 Platinum in catalysis 
 
Owing to its unique physico-chemical properties platinum found numerous 
applications as a catalyst and it can be called the most “employed” noble metal. It 
is used as a catalyst both in homogenous and heterogeneous catalysis. Early and 
more new short reviews on the use of platinum metal catalyst can be found in [25] 
and [26], respectively. Supported Pt catalysts play a crucial role in many 
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industrially important chemical reactions. Here the metal represents a finely 
dispersed phase nanoparticles/clusters supported on a substrate. Typical supports 
for the platinum deposits are Al2O3, CeO2, ZrO2, SiO2 or carbon (graphite) [27-29]. 
Some of the most prominent current applications of platinum containing catalysts 
are specified below.  
Two well-known large scale chemical processes which consume platinum 
are: reforming of naphtha fractions to yield high octane gasoline [30, 31] and the 
oxidation of ammonia to nitric oxide to produce nitric acid [32-34]. 
Dehydrogenation of the paraffins [35-39] is another process which uses relatively 
large amounts of platinum (promoted with Sn). 
Vehicle exhaust emissions greatly contribute to environmental pollution. 
To fight with this problem, so-called automotive three-way catalysts (TWC), i.e. 
capable of simultaneous removal of three harmful emissions from vehicles: CO, 
unburned hydrocarbons (HC) and nitrogen oxides (NOx) are used in which 
platinum is needed for CO and HC oxidation [40, 41]. Besides that, nitrogen oxides 
storage-reduction catalysts for lean-burning engines developed by Toyota Motor 
Corp. contain finely dispersed platinum [42] as well as a novel so-called four way 
catalyst that converts CO, HC, NOx and particulate matter (soot, ash particulates) 
on a single monolith [43]. For oxidation of particulate matter Pt/Al2O3 catalyst is 
used in a diesel particulate filter [44-46].  
Platinum supported on ceria was reported to be one of the most efficient 
catalysts for the low temperature water gas shift (WGS) reaction [47, 48]. Also, 
platinum supported on TiO2 nanotubes is a promising catalyst of the WGS reaction 
and the hydrogenation of CO [49] as well as CO2 adsorption and hydrogenation 
[50] and is an active photocatalyst [51].  
Another example of Pt usage as catalyst is in fine chemical production, for 
example, in enantioselective hydrogenation [52-54], hydrogenation of citral [55] 
and cinnamaldehyde [56].  
Supported platinum catalysts are one of the most efficient catalysts for 
destruction of non-halogenated [57-59] as well as halogenated volatile organic 
compounds (VOC) [60].  
Low temperature fuel cells and electrocatalysis are very vital for today 
technologies that make use of platinum [61-63]. It is worth mentioning that here 
one frequently employs Pt nanoparticles deposited on a conducting graphite or 
carbon nanotubes supports [64, 65]. Finely dispersed platinum is also a potential 
candidate for applications in hydrogen storage systems [66, 67].  
Concluding this section it is worth noting that the study of platinum 
interaction with different supports is not only beneficial to catalysis but also for 
other technologies (mirrors, corrosion protective layers, thin layer of magnetic 
materials for data storage, etc.).  
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1.3.2 Manganese oxide containing catalytic systems 
 
Manganese oxides represent a group of transition metal (TM) oxides which hold 
promising properties for a range of chemical reactions, first of all for total and 
partial oxidation reactions. The combination of manganese oxide (MnO2) with 
copper oxide (sometimes with the addition of CoO and Ag2O) is known for almost 
a century as a very active catalyst (coined Hopcalite) [68-70]. However, these 
catalysts are not stable in a humid environment and deactivate rapidly, being thus 
unsuitable for long-term use. Research on CO oxidation conducted in the nineties 
on Mn-oxides containing catalysts [71-79] as well as more recently [80-88] 
revitalized the interest to these catalytic systems and resulted in some more active 
catalytic formulations [79, 82-84]. A brief overview of some of the most promising 
results obtained on Mn-oxides containing catalysts is presented below.  
In an earlier study by the group of Haruta [75] it was found that the 
Au/MnOx catalyst is very active and selective at temperatures below 400 K - 
typical operation temperatures of polymer electrolyte fuel cells. Total CO 
conversion (1 vol. % CO in air) reached at temperatures just around 273 K. A 
catalyst with an atomic ratio of Au/Mn=1/50 was found to be the best (in a feed 
stream containing 1.0 vol. % CO and 1.0 vol. % O2 in an H2 background). The 
catalyst is resistant to both CO2 and H2O. Interestingly, in the most recent 
investigation dealing with the same topic [88] it was revealed that the activity of 
the Au/MnOx system depends strongly on the nature of the Mn-oxide support. In 
that study gold nanoparticles were deposited on various single-phase manganese 
oxides (including MnO2, Mn2O3 and Mn3O4) by deposition–precipitation using 
urea method. The following activity sequence was found: Au/Mn2O3 > Au/MnO2 > 
Au/Mn3O4 that matched reducibilities of Au/MnOx catalysts, which was 
monitored by temperature programmed reduction (TPR) study. Au/Mn2O3 catalyst 
showed the highest Au dispersion. XPS analysis indicated that both metallic and 
cationic gold species existed in the Au/Mn2O3 catalyst, while only metallic gold 
species were present in the other catalysts. 
Grisel and Nieuwenhuys [82, 83] reported that the addition of MnOx and 
MgO to the Au/Al2O3 system improves the CO oxidation activity and selectivity 
towards CO2 in hydrogen-rich gases (~ 70 vol. %). The beneficial effect of MgO 
and MnOx was ascribed to stabilization of small Au particles and the supplement 
of the active O needed for CO oxidation, respectively. In the presence of hydrogen 
selectivity toward CO2 higher than 90 % at 100°C and below was observed using 
these catalytic systems.  
Earlier investigations by Zaki et al. [78] revealed that catalytic compositions 
of Mn-oxides active towards CO oxidation in an oxygen-rich atmosphere are in 
the range MnO2-1.3, i.e. MnO2-Mn2O3. The catalytic composition MnO1.5-1.3, i.e. in 
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the Mn2O3-Mn3O4 range also possesses high thermal stability (up to ~ 1000 °C). 
According to recent studies by Yi-Fan et al. [86] nanocrystals of Mn3O4 and Mn2O3 
supported on mesoporous silicas (SBA-15) exhibit remarkable catalytic activities 
during the steady-state CO oxidation at low reaction temperatures (below 523 K). 
Further work [87] showed that nanostructured α-Mn2O3 nanocrystals prepared by 
oxidative decomposition of MnCO3, exhibit very high activity in the catalytic 
combustion of methane. Earlier studies also established that some supported Mn-
oxide systems are very active in this process [89, 90] as well as wet oxidation of 
organic compounds (phenol and its intermediates) in water outflows [91-93]. 
These compounds were fully oxidized in the presence of MnO2/CeO2 and 1 wt. % 
Pt on MnO2/CeO2 catalysts under mild conditions [91]. Platinum addition to 
MnO2/CeO2 reduced the amount of carbonaceous deposits and improved phenol 
deep oxidation (higher CO2 yield). 
Manganese oxides are well-known catalysts for total oxidation of 
hydrocarbons [94], consequently a large amount of research is dedicated to the 
establishing of their activity in the removal of VOC from different gas mixtures 
[77, 80, 95-109]. Baldi et al. [96] reported selective production of CO2 on Mn3O4 at 
temperatures < 673 K for C3 hydrocarbons and oxygenated compounds if operating 
with an excess of oxygen. MnOx supported on TiO2-Al2O3 [100] was found to 
completely oxidize chlorobenzene and o-dichlorobenzene at 300 °C and 250 °C 
respectively. Two nsutite-like Mn-oxides synthesized by Lamaita et al. [107] were 
active in ethanol combustion at 100-200 °C and demonstrated higher activity than 
Mn2O3 and β-MnO2. The samples, as was demonstrated by thermo-gravity 
analyses, retained OH species at 200 °C with total conversion of ethanol. Recently, 
it was found [109] that MnOx with deposited gold nanoparticles is capable to 
remove hexane, acetaldehyde and toluene from air and destroy the compounds 
more effectively than traditional catalytic systems. This catalyst enables, even at 
ambient temperature, to get rid of sulfur and nitrogen oxides from air. It is worth 
mentioning that in earlier studies the MnO phase has also been tested in WGS 
reaction [110] but the catalyst was found prone to deactivation. A recent 
investigation [111] revealed that Pd/MnO2 catalyst is very active for this reaction. 
Yamashita and Vannice [112] studied N2O decomposition over Mn-oxides: MnO, 
Mn3O4, Mn2O3, and MnO2. Mn2O3 was found to possess the highest catalytic 
activity. The experimental data were fitted with a Langmuir–Hinshelwood model. 
Manganese oxides are constituents of the catalysts for selective 
nitrobenzene reduction [113-116] as well as low-temperature reduction of NO by 
NH3 [117-125]. Manganese in these catalytic systems is predominantly in a high 
oxidation state (Mn3+, Mn4+). The catalytic behavior of the MnOx/Al2O3 system 
[117] strongly depends on the Mn loading. Compared to the Au/Al2O3 catalyst, the 
low-loaded MnOx/Al2O3 samples (0.1-0.25 % wt. Mn) are more effective in a wider 
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temperature region, providing similar or higher NO conversion to N2. Yang et al. 
[126-131] found that MnOx supported on TiO2 and CeO2 are very active in low-
temperature (373-453 K) selective catalytic reduction of NO with NH3. For 
example, in the presence of excess O2 the Fe-Mn/TiO2 system [126] with Mn/Fe=1 
showed the highest activity, high N2 product selectivity and yielding nearly 100 % 
NO conversion at 120 °C. The N2O product selectivity increased with the amount 
of MnOx as well as temperature. Crystalline phase of MnOx was present at ≥ 15 % 
Mn on TiO2, and the amount increased with Mn content. In the study of Mn-
oxide, Mn-Ce supported on ultra-stable Y zeolite (USY) [128] it was established 
that MnOx/USY has a high activity and high selectivity to N2 in the temperature 
range 80-180 °C. Among the catalysts studied in that work, the 14% Ce-6 % 
Mn/USY showed the highest activity. This catalyst yielded nearly 100 % NO 
conversion at 180 °C. According to another investigation of the Mn–Ce–Ox 
catalysts [129], the best catalyst yielded nearly 100 % NO conversion at 120 °C at a 
high space velocity of 42000 h−1. As the Mn content was increased from zero to 30 
% NO conversion increased significantly, but decreased at higher Mn contents. 
The most active catalyst was obtained with a molar Mn/(Mn+Ce) ratio of 0.3. The 
optimum calcination temperature was found to be 650 °C. According to the 
authors these catalysts are several times more active than other catalysts reported 
so far. The successive study of MnOx-CeO2 catalysts [131] using electron spin 
resonance technique and XPS revealed Mn4+, Mn3+, and Mn2+ oxide species after 
calcination in air. The distribution of Mn species depends on the preparation 
methods. The only product in Mn-Ce-Ox catalysts below 150 °C is N2. In line with 
these works is the recent study concerning soot oxidation on the MnOx-CeO2 
system [132]. The authors found that NO is oxidized (in model diesel exhaust gas 
(10 % O2, 5 % H2O, 1000 ppm NO) over the catalyst to NO2, which is stored on the 
catalyst as nitrate at low temperatures. The ignition temperature for a 1:20 
mixture of soot and catalyst was found to be 280 °C, which is significantly lower 
than for the individual oxides. At higher temperatures the nitrates decompose, 
releasing NO2 to the gas phase which acts as the oxidizing agent for soot. It is 
reported that the nitrate storage capacity of MnOx-CeO2 is three to five times 
higher than that of the individual oxides. However, in the presence of SO2 
deactivation of the catalyst was found and its initial activity could not be restored. 
A recent study by Sato and Komanoya [133] revealed that the 
Ru/MnOx/CeO2 catalyst has a high catalytic activity for the oxidation of alcohols 
to the corresponding carbonyl compounds. The catalyst permits smooth oxidation 
of alcohols at 300 K under oxygen atmosphere. 
Several investigations have shown that MnxOy can serve as a viable oxygen 
storage component in TWC [134, 135]. At present, in TWC CeO2-ZrO2 solid 
solution is used as an oxygen storage agent [136, 137]. Addition of cerium to Mn-
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oxides has a beneficial effect on the mobility of oxygen in the MnxOy system: ceria 
provides oxygen to Mn-oxide at low temperature and, takes up oxygen at high 
temperatures [134]. Also, MnxOy supported on LaAlO3 perovskite [135] are 
reported to be superior to ceria because the system absorbs oxygen rapidly without 
the need for noble metals and exhibits a larger capacity for oxygen storage over a 
wide temperature range. According to the study by Zhao [138], MnOx-ZrO2 mixed 
oxide system has excellent redox properties exhibiting TPR peaks between 100 °C 
and 400 °C, thus it can provide oxygen at much lower temperature than CeO2-
ZrO2 system. Besides that it was shown that these materials can be used for NOx 
trapping (maximum at temperature ~ 850 °C) in automobile emission control 
system. Coprecipitated ZrO2-MnOx (Zr/Mn=1/1) powders exhibited a large NO 
storage capacity at 100 °C, that makes them promising systems as NOx adsorbents. 
The redox properties of Mn-oxides also allow using them as efficient 
functional inorganic materials in chemical sensors [139] and for the removal of 
unpleasant odor gases. As has been reported [140], Ag-Mn catalysts oxidize 
acetaldehyde and trimetylamine below 573 K. Activity and durability of the 
catalyst is attributed to the high oxidation state of silver maintained on Mn-oxide 
and the larger amount of surface oxygen. Recent studies [141] also revealed that 
Ag/MnOx catalysts have excellent catalytic activity for CO oxidation at 
temperatures between 393 and 493 K.  
Manganese oxides are also known as promoters of the catalysts for Fisher-
Tropsch synthesis. More specific, the addition of Mn-oxides to the different 
Fisher-Tropsch catalysts allows shifting the reaction selectivity toward such 
products as short chain (C2-C4) olefins and C2+ - oxygenated compounds. The 
former HC are formed upon promotion of the iron and cobalt-based catalysts [142-
146]. The role of MnO in these catalysts is the moderation of hydrogenation 
reactions. For example, the Co/MnO catalyst gives propene as the major product 
[144]. The principle phases of the Fe-based reduced catalysts were found to be α-
Fe and MnO, with the Mn-oxide phase containing some FeO in solid solution 
[143]. Also, promoting effect (selectivity increase) of MnO to Fe/silicalite catalyst 
for the production of light alkenes from CO2 hydrogenation has been reported 
[147]. Enhanced selectivity to oxygenated compounds, namely ethanol and acetic 
acid is observed by promoting Rh supported catalysts with MnO [148, 149]. In 
that system the MnO additive was found to act as a co-catalyst. Considering 
oxygenates formation, the optimum Mn/Rh atomic ratio was found to be around 1 
for the Rh/Al2O3 catalyst [149]. Finally, the addition of Mn-oxides to the Co-based 
Fisher-Tropsh catalysts, e.g., the Co/TiO2 system affects the catalytic performance 
by increasing the activity and suppressing the CH4 yield in production of long-
chain paraffins [150]. 
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A number of naturally occurring manganese oxide minerals such as 
todorokite and hollandite possess a similar tunnel structure as well-known 
molecular sieves [151, 152]. Logically these materials also attracted attention as 
potential catalysts and were tested in some chemical reactions [153-155]. 
Apart from the application in catalysis, Mn-oxides have found some other 
usages. For instance, MnO2 in powdered form having large specific surface area 
and large open layers and tunnels is widely known as a component of a 
depolarization agent in Leclanché elements and other rechargeable batteries [156].  
 
 
1.3.3 Platinum/manganese oxides catalytic systems 
 
Early studies by Gardner et al. [157] discovered that between 30 and 75 °C 
Pt/MnOx catalysts have superior activities and decay characteristics for CO 
oxidation than a commercially available platinized tin oxide in low stoichiometric 
concentrations of CO and O2 (1 % CO and 0.5 % O2). Specifically, 70-80 % of 
available CO was oxidized at 75 °C in the 10000-minute test period. An additional 
advantage is that the metal loading in the catalyst is ten times less than in 
commercial catalyst. Also, in the early works by Nieuwenhuys’ group [158, 159] a 
beneficial effect was found by the addition of Mn-oxides to Pt containing 
catalysts. An increase in CO oxidation activity of Pt/SiO2 was revealed by the 
promotion of MnOx following a reductive pretreatment [158]. Pt/MnOx/SiO2 
catalyst with 5 wt. % Pt, 25 wt. % MnO2 was found to be more active in NO 
reduction by CO than the unpromoted Pt catalyst [159]. In a more recent 
investigation [160] positive effect upon combining of Pt with manganese oxides in 
the process of the total oxidation of methane, naphthalene and CO in the presence 
of steam and CO2 (mixture resembling the flue gases from wood combustion) has 
been found. Also, Pt-MnOx with a noble metal loading of 10 and 0.1 mol. %/γ-
Al2O3, were among the best catalytic systems showing high activity, thermal 
stability and resistance to SO2 treatment in these oxidation processes [161, 162]. As 
claimed, after SO2 treatment, the activities of the mixed Pt-MnOx (Pt: 0.05 mol. %) 
catalysts for the oxidation of CO and naphthalene improved. 
Recently, mixed Pt−Mn-oxide catalysts were tested in ethanol and toluene 
combustion [163]. It turned out that manganese plays a beneficial role in avoiding 
the inhibition of toluene combustion that is observed on pure Pt catalysts.  
In the process of the oxidation of formaldehyde MnOx-CeO2 mixed oxides 
promoted with Pt (prepared from chlorine-free precursor) shown extremely high 
activity and stability after pretreatment with H2 at 473 K [164]. It is reported that 
complete conversion of formaldehyde is achieved at ambient temperature without 
catalyst deactivation at least for 120 h time-on-stream. 
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Grbic et al. [165] determined that low loadings of MnOx onto highly 
dispersed Pt on Al2O3 leads to a significant improvement in the oxidation of n-
hexane. This was attributed to the formation of Mn-Pt oxide like species that 
primarily weakens the Pt–O bond. The dispersion of the MnOx phase was higher 
on Pt containing samples than on Al2O3. On the other hand, it was found that the 
addition of Mn lowers the catalytic activity of the catalyst for CO oxidation. Low 
CO uptake and the Pt oxidation state (Pt2+) point out to the metal decoration by 
MnOx.  
Finally, I would like to mention the studies of an “inverse” model supported 
catalyst: MnO phase supported on a Rh(100) single-crystal was investigated by 
Nishimura et al. [166, 167]. Probing the system with CO the authors observed the 
linear CO and bridged CO adsorbed on the clean Rh(100) and the MnO/Rh(100) 
surfaces and found out that the monolayer of the MnO species blocks the 
adsorption site of CO on the Rh(100) surface. Recent research of Mn-oxide 
nanoparticles electrodeposited on platinum revealed that this system is superior to 
platinum for oxygen reduction reaction [168].  
 
 
1.4 This thesis 
 
This thesis presents the results of the research concerning platinum 
deposition on two single-crystal surfaces: highly oriented graphite (HOPG) and 
MnO(100). It is aimed to improve the knowledge about manganese oxide surfaces 
and to get insight into the morphology and growth behavior of Pt nanodeposits on 
manganese oxides. 
Chapter 1 presents the general concept about the approach of studying 
model catalysts, underlines the motivation of the chosen objects of study and 
presents a brief overview of the existing catalytic processes in which platinum and 
manganese oxides containing catalysts are being employed or tested. The 
remainder of this thesis is divided into six chapters. Chapter 2 deals with the 
experimental techniques used for the characterization of MnO and HOPG 
surfaces, particularly focusing on the application of scanning probe microscopy 
techniques: scanning tunneling microscopy and atomic force microscopy (STM 
and AFM). Chapter 3 introduces different growth modes and growth mechanisms 
that are important for the interpretation of the experimental results. In addition, 
the concept of “magic clusters” and equilibrium crystal shape is given. In Chapter 
4 the results of platinum deposition on the HOPG surface are described. The 
morphology of the deposits on HOPG surface after deposition and temperature 
treatment in UHV and under atmospheres of carbon monoxide, oxygen and 
hydrogen were studied by STM. Chapter 5 is dedicated to the study of the 
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MnO(100) surface by AFM. The results of the different preparation procedures of 
the MnxOy surface intended for the further deposition of platinum are illustrated. 
Chapter 6 shows the first experimental evidence of platinum deposition on the 
pristine MnO(100) and modified MnxOy/MnO(100) surfaces as imaged by AFM 
and STM techniques. The chapter ends with the comparison of the growth 
behavior of platinum deposits on the “active” MnOx(100) surface and the “inert” 
graphite surface. In the final part, Chapter 7, the main points of the performed 
experiments and recommendations for future investigation of the proposed model 
catalytic systems are highlighted. 
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Experimental UHV set-up and techniques  
 
 
This chapter describes the experimental set-up, the procedures of the samples 
preparation and the basics of the key experimental techniques used in the study.  
 
 
2.1 The experimental UHV set-up 
 
All the experiments, which included the main part of the surface preparation, 
platinum deposition and surface morphology study, were carried out in a UHV 
set-up, shown in Fig. 2.1. In order to reduce the level of mechanical vibrations, 
the complete system rests on four air-damped legs (17). The system consists of two 
interconnected UHV chambers, the main experimental chamber and the load lock 
chamber, which can also serve for sample preparation. The chambers can be 
separated from each other by a manually operated gate valve (2). The pressures 
inside both the main and the pre-vacuum chamber are separately monitored using 
ionization gauges (7). The main chamber is equipped with an argon ion gun (9), a 
quartz crystal microbalance (Leybold Inficon) for monitoring the deposition 
process (10), a quadrupole mass spectrometer (11), the gas inlet system for gas 
dosage (12), the electron beam evaporator (19), retarding field optics (VG 
Microtech) for LEED and AES measurements (21). The Omicron UHV-STM/AFM 
system is situated in compartment (1), which is connected to the main chamber. 
New samples and tips can be introduced in the system via a load lock chamber and 
stored in a carousel situated in the main chamber. Each chamber is pumped by a 
turbo molecular pump (16). The turbo molecular pumps are backed by one rotary 
vane pump (15) via a buffer vessel. Additionally, the system is pumped by a 
titanium sublimation pump and a getter ion pump (20). The complete system can 
be baked at a temperature of 150 °C. This results in a base pressure of 3×10-10 mbar 
in the main chamber and the load lock chamber. During STM/AFM experiments 
the main chamber is shut off from the load lock chamber by closing the gate valve 
and is only pumped by the turbo molecular pump and the ion getter pump, which 
provides a base pressure of 1×10-10 mbar. However, both turbo molecular pumps 
were usually switched off to reduce the mechanical vibrations which can 
influence the image acquisition process; this resulted in a small increase of the 
pressure in the set-up.  
Just before platinum deposition the main chamber is shut off from the load 
lock chamber by closing the gate valve and is pumped only by one turbo 
molecular pump. This provides 5×10-10 mbar in the chamber. During the  
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Figure 2.1: Schematic illustration of the experimental UHV set-up. (1) STM/AFM 
chamber, (2) gate valve, (3) transfer rod, (4) leak valve, (5) gate valve, (6) tip preparation 
device, (7) ion gauge, (8) evaporator's view port, (9) ion sputter gun, (10) quartz crystal 
microbalance, (11) QMS, (12) gas inlet system, (13) motor for moving of the transfer rod, 
(14) transfer rod, (15) rotary pump, (16) turbo molecular pump, (17) vibration isolation leg, 
(18) gate valve, (19) e-beam evaporator, (20) ion and titanium sublimation pumps, (21) 
LEED/AES, (22) sample grabbing tweezers, (23) wobble stick, (24) frame. 
 
deposition the pressure rises to 4×10-8 mbar. The turbo molecular pumps are 
connected to the chambers via bellows to reduce transmission of their vibrations 
into the set-up. A low-energy ion source can be used for sputter cleaning of the 
samples (in the current study it was not used). High purity laboratory gases are 
connected to the gas inlets (12). Before each dosing, the reservoir is purged to 
ensure high gas purity. Gases can be introduced from a reservoir into the main 
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chamber via a leak valve (4). The reservoir can be filled from different gas bottles 
and it can be pumped by one of the turbo molecular pumps. Samples are mounted 
on a molybdenum holder which fits in the STM as well as in the holder which is 
situated on the rotary transfer rod. Two transfer rods (3, 14) are used to move the 
sample through the load lock and main chamber and to position (in main 
chamber) it in front of the evaporation source and surface analysis ports. Wobble 
sticks (22, 23) permit to manipulate the sample in the STM/AFM containing 
compartment and the main chamber as well to place it on the transfer rods. The 
sample in the main chamber can be annealed by resistive heating with a filament 
mounted on the sample holder. In the final stages of the project a new sample 
holder was developed which allowed more convenient sample manipulation on 
the transfer rod of the preparation chamber as well as made possible annealing the 
sample by e-beam. The schematic picture of this sample holder is shown in Fig. 
2.2. After preparation, the sample can be characterized with several techniques. 
The majority of the measurements were performed with the STM and AFM and 




Figure 2.2: Schematic illustration of the new sample holder in the load lock chamber: (1) 
head of the sample unit transfer mechanism; (2) sample holding block; (3) pocket for a 
thermocouple; (4) ceramic insulation; (5) unit with pin connectors; (6) sample plate; (7) 
ceramic piece with a heating spiral. 
 
 
2.2 Scanning tunneling microscopy  
 
The operation of a scanning tunneling microscope utilizes the quantum-
mechanical phenomenon of tunneling of an elementary particle - electron - 
through a potential barrier. Already the first STM, designed by Binning and 
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Rohrer [1] permitted to image the surface with atomic resolution, far beyond the 
diffraction limit for optical microscopy (~ 500 nm). Figure 2.3 shows the simplified 
principle of an STM measuring experiment. In the STM apparatus the two 
electrodes are the sample and an atomically sharpened metallic needle (tip); the 
latter one is usually produced by cutting or chemical etching of a Pt/Ir or electro 
chemically sharpened W wire. A bias voltage is applied between the sharp tip and 
the conducting sample. When the tip approaches the sample close enough (~ 1 
nm), a tunnel current can flow from tip to sample or vice versa, depending upon 
the sign of the bias voltage. Thus, this implies that by STM it is only possible to 
study metals and semiconductors. Provided one can register currents in the 
picoampere range there is also a possibility to analyze these materials having the 
thickness of an insulating layer of at maximum ~ 15-20 Å. It is possible to 
overcome these limitations and thus to examine insulators by using atomic force 
microscopy, the operation of which is based on different physical principles and 
which is described in the next section. 
Several theoretical approaches were developed to describe the tunneling 
process. Among the first and the simpler one, developed by Tersoff and Hamann 
[2], provides a reasonably good qualitative description. The solution of the 
quantum-mechanical equations proposed by these authors results in the value of 

















Figure 2.3: Schematic drawing of the basic operation principles of an STM. When a bias 
voltage Ut is applied to the sample, a tunneling current It will flow that depends very 
strongly on the distance between tip and sample. In order to keep the tunneling current 
constant, a feedback circuit continually adjusts the height of the tip as it is scanned over the 
surface. In this way a topographic map of the surface is obtained. 
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)2exp( sIt  , where , and /
2/1
)2(  m   is the effective local potential 
barrier height and m the electron mass. During the tunneling process the filled 
electron states of the surface overlap with empty states of the tip or vise versa. The 
overlap between filled and empty states is determined by the tails of the respective 
wave functions which decay exponentially out of the surface and the tip into the 
vacuum. That is the reason why the current also depends exponentially on tip-
surface distance. 
The technical realization of the tunneling process is made by using a 
conductive tip which is mounted on a piezo-electric actuator. The most frequently 
used construction of the piezo-actuator consists of a tube that is split into four 
parts. This allows by application of voltages to its electrodes to move it in x, y and 
z directions. The surface image is obtained line by line by scanning of the tip 





Figure 2.4: Schematic illustration of two modes of STM operation. (A) Constant current 
mode. (B) Constant height mode.  
 
If during scanning, the tunneling current is kept constant by changing the 
distance between tip and the surface employing a negative feedback system, the 
mode of operation is called constant current imaging, the tip-to-sample distance is 
typically constant to within a few hundredths of an Ångström. 
Taking advantage of the second option, surface imaging is carried out 
keeping the tip-surface distance constant and measuring the changes in the tunnel 
current during the scan. Consequently, this mode of operation is called constant 
height imaging. It is generally applicable for imaging of smooth surfaces, when 
one knows a priori or by preliminary other kind of measurements that a surface is 
smooth enough, otherwise a tip crash is almost unavoidable. This mode of 
operation also provides the advantage to image the surface very fast, compared to 
imaging in the constant height imaging mode. Using this mode, diffusion events 
on the surface have been captured in real time [3-6].  
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2.3 Atomic force microscopy 
 
As mentioned in § 2.2, it is not possible to image the surface structure of insulators 
by STM. But, fortunately, nature provides us with means to do that thanks to the 
fact that by bringing two pieces of material very close to each other (one to several 
tens of nm) different kinds of forces start to operate. Which of them operate in a 
particular case depends on the kind of materials and the distance between them. 
Commonly one classifies them into the short-range (chemical bonding forces) and 
the long-range (electrostatic, van der Waals forces). In AFM each type of these 
forces can be employed to deliver information about the surface structure. This is 
accomplished by using a range of measuring techniques [7, 8]. The forces 
measured in AFM are minute. Therefore, a sensitive sensor device is needed. The 
sensor, a so-called cantilever is usually made from silicon or silicon nitride (Si3N4) 
and consists of a thin and very short segment (typically of 1-2 μm) containing the 
tip at the very end. Usually the silicon segment is shaped in a triangle (V-shaped 
cantilevers) or a short rectangular strip (single beam cantilever) and the tip has the 
shape of an equilateral four-sided pyramid situated at the very end of the segment. 
The interaction between the surface and the tip after approaching each other 
causes the cantilever to deflect according to Hooke’s law. The deflection can be 
measured by several different detection methods. The optical ones are the most 
popular due to their simple technical realization. Optical detection techniques 
include optical interferometry and laser beam deflection methods. Both of them 
provide routinely sub-Ångström sensitivity. Laser beam deflection is employed in 
the present experimental set-up, and, therefore, in the following only this 
principle of force detection will be discussed. The schematic illustration of the 












Figure 2.5: Schematic drawing of AFM surface imaging by means of the laser beam 
deflection method: (1) piezo-actuator; (2) sample; (3) V-shaped cantilever; (4) laser; (5) 
focusing mirrors; (6) position sensitive detector.  
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In short, the cantilever is illuminated from the rear side (which is made 
highly reflective) with respect to the surface with a solid state (IR) laser. The 
reflected infrared laser beam from the rear side the cantilever is focused by a 
mirror on a position-sensitive detector (photo diode). Usually the detector is 
divided into four equal segments (quadrants) and generates the current signal 
depending on which of the segments are illuminated. The intensity difference of 
the upper and lower segments of the photo diode is proportional to the up-and-
down deflection the cantilever. The intensity difference between the left and right 
segments is proportional to side-to-side cantilever’s deflection (torsion). 
The measured cantilever deflections enable a computer to generate a map of 
surface topography. Topographic imaging by AFM can be realized in different 
regimes. When the tip and sample are in contact, the interaction force causes the 
cantilever to deflect quasistatically, according to Hook’s law, and this deflection is 
measured. This regime of operation is called contact mode and was used in the 
present work. In this regime the short-range forces contribute to the surface 
contrast. 
The cantilever is held less than a few Ångstrom from the sample surface, 
and the interatomic force between the cantilever and the sample is repulsive. In 
analogy to the constant current imaging mode in STM, described in § 2.2, AFM 
can be operated in the constant force mode. The constant force is maintained by 
keeping the cantilever deflection constant by means of a feedback circuit. The 
output signal of the feedback loop (Uz) can be recorded as a function of (Ux, Uy) 
and translated into the “topography” z (x, y), if the sensitivities of the three 
orthogonal piezo-actuators are known.  
Another very popular AFM technique which was also occasionally used 
during the present work is the so-called non-contact force microscopy. In this 
regime of operation the cantilever is brought in close proximity to the investigated 
surface (10-100 nm) and is driven to vibrate near its resonant frequency by means 
of a piezoelectric element. The changes in the resonant frequency as a result of the 
tip-surface interaction are measured. In this regime of operation the interatomic 
force between the cantilever and sample is attractive, and only long-range 
interaction forces contribute to the image contrast. For small amplitudes, the 
frequency shift is proportional to the tip-sample force gradient [7, 8]. The 
sensitivity of this detection scheme provides sub-Ångström vertical resolution in 
the image, as in contact AFM. Unfortunately, the lateral resolution that can be 





2.4 STM/AFM imaging conditions used in the study 
 
The Pt/HOPG system was imaged by STM using a commercial Omicron UHV-
STM/AFM in the constant current mode at ambient temperature. Typical 
tunneling conditions used for imaging were: tunneling current 0.1 nA and sample 
bias 0.3 V. The tips used for STM were prepared by mechanical cutting a Pt90Ir10 
alloy wire. 
For AFM imaging, silicon cantilevers with a nominal force constant ~ 0.2 
N/m (Omicron) were used throughout the study. All presented AFM images were 
collected in the contact mode using the constant force mode. Each sample was 
imaged at several randomly chosen locations to ensure the reproducibility of the 
measurements. Both in AFM or STM the images were collected using scan rates 
typically of 1-2 lines/s and a resolution of 512 × 512 pixels. 
The lateral resolution of STM and AFM techniques can be severely 
influenced by convolution effects of the tip and, in principle, it is impossible to 
measure the exact diameter of three-dimensional (3-D) particles using these 
techniques. The reason is the measured diameter strongly depends on the tip 
quality and is, in general, larger than the real diameter due to a convolution of the 
cluster and the tip diameter, which are of the same order of magnitude [9]. Thus, 
it is difficult to obtain quantitative information from the images, especially if the 
shape of a tip is unknown. Hence, deconvolution of an imaging tip and image has 
to be performed. However, even this procedure cannot reconstruct all parts of the 
imaged surface, due to unreconstructable regions, in which the tip has contacted 
more than one point of the imaged object at the same time, and due to imprecise 
modeling of the actual tip in the deconvolution algorithm. That is why cluster 
diameters are only comparable in a relative sense and only within a series of 
images without any tip changes. 
Thus, taking into account the above considerations, in the present study the 
height of a particle was chosen as a measure of its actual size and the value of its 
mean height was chosen to be characteristic of the average deposit size. Although 
the height of surface features suffers much less from tip effects, even this 
parameter can impose limitations on the resolution in cases when the separation 
between the surface features is smaller than the tip dimension. Besides that the 
apparent height in STM images is a result of electronic and geometric factors, the 
determination of the height of deposits may contain errors of several tens of nm. 
In order to decrease the influence of the thermal drift a height profile was 
measured across the central part of nanoparticles parallel to the scan direction. To 
ascertain that the determination of the size and the distributions of the deposits 
from the chosen images provide a reasonable representation of the surface, at least 
hundred surface deposits from different parts of samples were imaged. 
 25
2.5 X-ray photoelectron spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) is a standard spectroscopic technique 
widely applied for the analysis of solid surfaces, for example, for establishing the 
concentration of atoms on the surface and their chemical (valence) state [10]. The 
operation principle of XPS is based on the photoelectric effect. If photons 
impinging on a surface possess sufficient energy, electrons can leave the solid. On 
its way out, an electron can lose energy in a number of ways, which makes it less 
probable that electrons emitted deeper in the solid will escape and be detected. 
Typically, photoelectrons with kinetic energy of 5-2000 eV have an escape depth 
in the range of several tens of angstroms and less. This means that the electrons 
emitted into the vacuum originate from atoms that reside in the outermost atomic 
layers, and this is what makes XPS a surface specific technique. The existence of 
different local chemical and/or electronic environments gives rise to the 
appearance in the photoemission spectrum of different components which are 
shifted in energy. This explains why XPS is such a powerful technique for 
chemical characterization of surfaces. 
When one uses for excitation X-ray photons with energy of > 100 eV, then 
electrons that are in the core levels of an atom can be emitted. This is employed in 
the present work and this regime is called core level photoemission spectroscopy. 
The kinetic energy of photoemitted electrons from a core level in the first 
approximation follows the relation: , where E′kin is the kinetic 
energy of the emitted electrons in the vacuum, 
Sbkin eEhE  
'
h  is the photon energy, Eb is the 
binding energy of the specific level relative to the Fermi level and Se  is the work 
function needed to extract an electron from the Fermi level into the vacuum. 
Technically, an electron energy analyzer is used to measure the kinetic energy of 
the outgoing electrons. If the sample is grounded then it has to overcome the 
potential difference between the sample and analyzer )( ASe   . Therefore, the 
kinetic energy detected has to include this work function relation: 
. This equation is valid in the so-called adiabatic 
approximation. It should be realized that this is a greatly simplified view of the 
photoemission process. The creation of the core hole causes a relaxation of the 
other electron orbitals, which contract towards the nucleus in order to screen the 
hole, so that more energy can be available for the outgoing photoelectrons. This 
leads to a lowering of the photoelectron binding energy (called intra-atomic 
relaxation shift). Thus one needs to add this energy to the right hand side of the 
above equation. A schematic diagram of the photoemission process is shown in 
Fig. 2.6. 





Figure 2.6: Schematic diagram of the photoemission process. 
 
As the photoemission process is usually faster than the system relaxation 
(rearrangement of its charge distribution) this results in final states with multiple 
excitations. This processes lead to the occurrence of so-called satellites in the core 
level photoemission spectrum. The satellites appear at lower kinetic energies than 
the main peak, also called the adiabatic peak. They are usually referred to as 
shake-up and shake-off features, depending on whether excitation occurs into a 
bound state or into the continuum. The photoemission spectrum is represented 
not by single lines at certain energy but lines having some width. The reason of 
this is related to the photoemission process and to the way the photoemission 
spectra are measured. The first factor that contributes to the natural line 
broadening is a direct consequence of the uncertainty in the lifetime of the ion 
state remaining after photoemission. The energy of such a level cannot be 
precisely determined and will have an uncertainty of the order ћ/τ, where τ - is 
the lifetime of the excited state of an ion. The process brings Lorentzian 
broadening to the line, which for the broadest core levels is of the order of about 
0.1 eV. There are several other processes that can contribute to the line 
broadening. Here one could mention energy losses caused by multiple ionization 
processes, so-called intrinsic losses. On their way to the surface photoelectrons can 
also lose some energy by electron-electron and electron-plasmon interaction 
(extrinsic losses). All these processes can contribute to the line broadening when 
they are situated close to the natural line energy level.  
The resolution of XPS is determined by the natural line width of the level 
under study (ΔEnat), the line width of the X-ray source (ΔEx), and the broadening 
due to the analyzer (ΔEan). Finally, the width of the photoemission peak at half 
maximum, taking into account all three terms is expressed as 
follows: , where ΔE – is the width of a photoemission anxnat EEEE 
2)(
peak at half maximum, ΔEnat – is the natural line width, ΔEx – is the line width of 
the X-ray source, ΔEan – is the broadening due to the analyzer. 
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The line width of the X-ray source is in the order 1 eV, but with the help of 
monochromatization can be reduced to about 0.3 eV. The broadening due to an 
analyz
S spectra were measured in a different UHV system. 
This s
an analytic technique that is commonly used for the 
etermination of the crystallographic structure, chemical composition and 
er depends on the energy at which the electrons travel trough the analyzer 
and the width of the slits between the energy filter and the actual detector. At low 
pass energy the analyzer contribution to the line width is negligible, but the 
intensity of a line decreases.  
In the experimental UHV set-up used for STM/AFM measurements the XPS 
was not available and the XP
ystem was equipped with a VG ESCALAB Mk II electron spectrometer. 
Filtered Al Kα radiation (1486.6 eV) from an X-ray source operating at 15 kV and 
32 mA was used to excite photoelectrons which were analyzed with a 
hemispherical analyzer operated at 25 eV pass energy. The energy scale was 
calibrated versus carbon at 284.4 eV. The working pressure was below 2×10-9 
mbar. Note that the spatial resolution of the spectrometer used in the present 
study is ca. 100 μm, thus the net Mn oxidation state within this area is sampled. 
All spectra were recorded at a photoelectron take-off angle of 52°. Data processing 
was carried out using “CASA” XPS software [11]. 
 
 
.6 X –ray diffraction  2
 
X-ray diffraction (XRD) is 
d
physical properties of materials and thin films. There are several kinds of the 
technique which permit to get specific information about a material. In this study 
the analysis of MnO single crystals was carried out in the geometry used for the X-
ray powder diffraction technique. The diffraction patterns of the samples were 
collected using a diffractometer (PanAlytical X’Pert) with Cu Kα radiation, 
(λ=1.54056 Å, E=8 keV) in the range from 15° to 100° with 0.02° (2θ) step.  
The technique is based on the Bragg equation:  sindn  , where n - is the 
reflection order, d - interlayer distance of a crystal, λ - is the wave length of the 
used X  well as ref-rays, θ - is the angle between the incoming as lected X-rays and 
the normal to the reflecting local plane. The equation is based on the fact that if 
the difference between the X-rays reflected from different planes is a multiple 
integer of the wave length of incident rays then constructive interference takes 
place. When one measures the angles 2θ under which constructively interfering 
X-rays leave the crystal, the Bragg equation gives the corresponding lattice 
interlayer distance, which is characteristic for a particular compound. Clear X-ray 
diffraction peaks are only observed when the sample possesses sufficient long-
range order. In general, however, the Bragg equation is the necessary but 
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insufficient condition of effective mirror reflection from the crystal since it does 
not take into account the location of atoms in an individual reflecting plane. The 
quality of the diffraction pattern, which appears as a result of the reflection from 
particular planes, also depends on other two parameters: (i) the so-called scattering 
factor (or form-factor) for the atoms, from which these planes consist; (ii) the 
structural factor of these planes. The latter factor depends on the form factors of 
toms of different kind in a crystal and their locations in the unit cell. In general, 
t can be large, small or equal to zero [12]. Consequently, XRD spectra of crystals 






.7 Low energy electron diffraction 
tron diffraction (LEED) was used as a 
ualitative tool to check the structure of the MnO(100) surface. Therefore, only 




In the present study low-energy elec
q
the basic principles of the technique are described. The fundamentals of the 
technique can be found elsewhere [13]. The technique is based on elastic 
scattering of low energy electrons (50-500 eV) impinging perpendicularly on a 
surface of a single crystal. In this energy region electrons have according to the de 
Broglie law a wavelength in the order of atomic distances in the solids. The 
application of low energy electrons, due to their small escape depth from the solid, 
permits to obtain an image of the topmost layers of a crystal. The maxima of 
scattered and constructively interfered electron waves are visualized on a 
fluorescent screen which has the shape of a hemisphere centered on the crystal 
surface and is situated around the electron gun. The spots on the screen, projected 
onto the viewing plane correspond to the reciprocal lattice of the surface. LEED 
provides a snapshot of the 2D reciprocal lattice of the near surface layers. The 
intensity of the main spots on the screen, their sharpness as well as any changes in 
their number at particular electron energy contains information about the two-
dimensional surface structure. 
 In the present study, LEED patterns were obtained at ambient temperature 
with a four-grid VG Microte
sy  controlled by VG Microtech Model 8011 electronics. The primary beam 
energy was in the range 200-280 eV. Diffraction patterns were displayed and 
recorded using a CCD video camera interfaced to a video monitor and stored on a 






2.8 Rutherford backscattering spectrometry 
utherford backscattering spectrometry (RBS) is a powerful tool for 
xample, it is widely used to 
etermine the thickness and chemical composition (stoichiometry) of thin films 
 
R
nondestructive material characterization. For e
d
[14]. It is based on the collision of monoenergetic high energy particles (in MeV), 
for example, protons or alpha particles, directed in a beam with the atomic nuclei 
of elements in a sample. The backscattered nuclei of the beam that recoil 
elastically after hitting other nuclei are detected using a semiconductor diode 
detector and their kinetic energy may be determined. This scattering process is 
described by simple free atom two-body collision and can be analyzed on the basis 
of energy and momentum conservation. The energy of the backscattered particle 
varies and depends on the identity of the atom from which it scatters, the angle of 
scattering, and the depth into the sample to which the particle travels before 
scattering. More massive sample nuclei allow the alpha particle to retain more 
energy upon collision, and since nuclei mass corresponds to atomic elemental 
identity, the composition of the sample can be determined. The height of the RBS 
peak is proportional to the area density of atoms; the ion energy identifies the 
species and the depth from the surface. With the energies and the numbers of the 
scattered ions, the elements, the layer depth and the concentration of the elements 
in the sample may be determined. The schematic drawing of the RBS experiment 




Figure 2.7: Schematic illustration of the RBS experiment. 
 
 
2.9 Samples and their preparation procedures 
.1 Temperature treatment of the samples 
t osen as a model surface. HOPG samples 




Highly Orien ed Pyrolytic Graphite was ch
ere of grade ZYB with dimensions of 10 mw
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a
dark green (almost black) 10 mm × 10 mm × 1 mm crystals. 
of 
the sam
s(es) or in a rapid thermal 
anneali
.9.2 Platinum deposition  
P re) was evaporated by electron beam heating with a 
odified VG evaporator. The evaporation rate was measured in situ using a quartz 
dvantages such as it has a well-defined and “renewal” surface. In addition, new 
surfaces can be easily created by sample cleavage. HOPG is known to be very 
stable even at elevated temperatures, in addition to the absence of any degassing 
behavior that may complicate its use in UHV systems. This material is composed 
of pure carbon and is (almost) free of any other elements. Prior to the deposition 
experiments the HOPG samples were annealed for 2 h at 500 °C to get rid of 
contaminants [15].  
MnO(100) samples were received from CRYSTAL GmbH (Berlin, 
Germany). They are 
Resistive heating of the samples in the UHV set-up was accomplished by 
passing an electrical current through a rhenium heating wire at the back side 
ple plate resting on the manipulator rod. Due to the design of the resistive 
heating elements, the maximum achievable temperature was ~ 800 °C. The 
temperature of the sample was continuously monitored with a K-type 
thermocouple clamped to the sample holder under a clip near a corner of the 
sample and an infrared pyrometer which was carefully calibrated against the 
surface of HOPG. The accuracy of this calibration is estimated to be ± 20 °C. In a 
test experiment, a thermocouple was clamped to the front face of the crystal, and 
the instantaneous difference between the temperature of the crystal and of its 
support was found to be less than 20 °C at 500 °C.  
Thermal annealing was performed either in the UHV setup filled with 
various atmospheres at the desired pressure of ga
ng furnace (RTAF) under a constant flow of oxygen or argon at 1 atm. 
Annealing in the RTAF was carried out according to a protocol: heating of the 
sample up to the temperature of annealing for 1 min; annealing at the desired 
temperature for a chosen period of time and cooling down to the ambient 
temperature in ca. 7 min. It should be noted that the drop from the annealing 





latinum metal (99.9 % pu
m
thickness monitor with an integrated deposition controller (INFICON XTM/2, 
Leybold, Switzerland) and quantitatively calibrated ex situ using RBS 
measurements. The absolute amount of deposited metal was obtained from RBS 
measurements performed in a high vacuum chamber (≈10-7 mbar) with a 2.0 MeV 
4He+ ion beam at normal incidence with a Van de Graaff accelerator (AMOLF 
facility). The back scattered He ions were detected with the RBS solid state 
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ray Photoelectron 
e Spectra Limited, 2003). 
h
detector (SSD) placed at an angle of 165° to the incidence direction with an energy 
resolution of 14 keV at FWHM for the energy 2 MeV. A simulation program 
“RUMP” [16] was used to model the measured spectra of the RBS analysis 
(intensity versus channel number) in order to obtain the thickness of the metal 
deposits. An overall accuracy of 5 % was achieved. During deposition, the pressure 
was kept below 3.0×10-9 mbar. One monolayer is defined as the packing density of 
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CHAPTER 3  
 




This chapter provides a description of the growth modes of vapor-deposited 
material on a substrate along with an overview of the two key sintering 
mechanisms of small metal particles (clusters). The chapter continues with the 
issue of morphology and stability of small particles as well as the concept of “magic 
number” clusters and a brief discussion of the equilibrium particle’s shape. The 
presented topics are used for the interpretation of experimental results presented 
in the following chapters. 
 
 
3.1. Growth modes  
 
Condensation of a substance from the vapor phase on a surface can result in 
various structures of the deposits, ranging from two and three-dimensional 
clusters to a completely closed layer. The system can be characterized by the 
specific surface free energies and interface energy. In the situation where the 
dependence of the surface free energy on the size and the shape of deposited 
material as well as the strain energy can be ignored on the basis of the Young-
Dupré equation, the approximate magnitude of Δγ  (Fig. 3.1) guides the growth of 




Figure 3.1: Illustration of three growth modes of a material on a substrate: (a) Frank-van 
der Merwe; (b) Stranski-Krastanov; (c) Volmer-Weber. γm - the surface free energy of a 
material, γs - the surface free energy of a substrate, γi - the interface energy. 
 
Traditionally, the growth process of a deposited material can be subdivided 
into three modes [1]: a) the so-called Frank-van der Merwe mode, characterized 
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by a two-dimensional (2-D) growth. The substance grows on a surface by forming 
consecutive closed layers; b) the Stranski-Krastanov mode characterized by the 
formation of one or more monolayers (ML) followed by island growth; c) the 
Volmer-Weber (VW) growth with formation of three-dimensional structures. The 
surface may not be completely covered until a large deposition has been made. 
Layer plus island type of growth (b) is observed in some systems when the lattice 
parameter of the overlayer is slightly larger than the substrate. When several 
layers grow on each other at some point the strain inside the deposited layer may 
become too large to allow the growth of a homogenous layer. Small islands can 
emerge as a result of the interplay between strain and surface tension.  
 On the basis of only energy considerations the growth mode depends on 
the surface energies of substrate and adsorbate and on the interfacial energy. 
However, the principle of energy miniminization is not sufficient to predict the 
growth mode when the deposition does not occur under thermodynamic 
equilibrium conditions and kinetic considerations must be taken into account. On 
the basis of Δγ alone it is quite difficult to predict the growth mode. One has to 
keep in mind that the electronic structure of a monolayer of a material is different 
than that of a bulk solid. As a result the surface free energy of a monolayer 




3.2 Small particle growth and sintering mechanisms 
 
In general, two mechanisms are responsible for the growth (sintering) of 
supported small particles: Ostwald ripening and Smoluchowski ripening. In the 
case of Ostwald ripening [2, 3], a difference of the two-dimensional gas atom 
density around clusters causes diffusion of adatoms around small clusters to the 
environment of large clusters. As a result the large clusters will grow at the 
expense of small clusters. In contrast, Smoluchowski ripening is caused by the 
migration of whole islands until they collide with other clusters, resulting in 
coalescence. This is assumed to be caused by diffusion of adatoms on the cluster 
surface, resulting in a displacement of the centre of mass. Small clusters are 




3.2.1 Ostwald ripening 
 
It is assumed that deposited particles form a spherical cap. The equilibrium 
concentration of adatoms  at a substrate close to a cluster depends on the radius c
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of curvature r and, therefore, on the size of the cluster. This is represented by the 












exp)(      (1) 
 
where  is the equilibrium concentration of an infinitely large cluster with a flat 
surface, 
c
  is the surface free energy assumed to be isotropic,   is the atomic 
volume in the cluster and  and  are the Boltzmann constant and the 
temperature. From this equation it follows that the larger clusters are surrounded 
by a lower equilibrium adatom concentration than the smaller clusters. The flux of 
adatoms depends on the gradient in the adatom density and on an appropriate 
atomic mobility. Upon the assumption that attachment and detachment events of 
atoms to and from the clusters can be neglected, the diffusion process is the rate 
limiting factor for mass transport. The gradient in the adatom concentration at the 
interface with the clusters can be determined by the solution of the radial form of 
Fick’s law. Here as boundary conditions the concentration at the interface with 
the clusters is given by eq. (1) and the concentration far away is equal to the 
average concentration . This concentration is reached at a distance  from 
the cluster centre, where  is a dimensionless screening factor, which is assumed 
to be constant. Its introduction helps to overcome the difficulties with the 
divergence of the radial solution of Fick’s law in two dimensions. The rate of 
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where  is the diffusion constant of the adatoms on the substrate,  is the 
equilibrium concentration of the cluster as given by eq. (1) and 
D )(rc
)(v  is a 
geometrical factor that is used to account for the volume of a spherical cap [4].  
The average concentration  is determined taking into consideration the 
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where the probability distribution function of the cluster sizes  has to obey 
a continuity equation [4]: 
),( trf
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where 
dt
dr is given by eq. (2). 
Retaining only the first term of the expansion of exponential function in eq. (1) 
and using eq. (2-4) upon assumption that for the majority of clusters the radius of 
curvature is large, one can obtain so-called universal power law expressions of an 
evolution of the average radius and cluster density. For instance, the growth of the 
average radius r  as function of time t  can be expressed as: 
 
   nktrtr /10 )1()(       (5) 
 
where  is the initial mean particle size at 0r .00 t  
Such relations lead to a so-called scaling behavior, which implies that the 
total number of clusters and the average size may change with time, but that the 
shape of the cluster size distribution does not change [4]. For Ostwald ripening n = 
3 or n = 4 is expected. Thus, the value of n may directly point out to the growth 
mechanism. However, one has to keep in mind that n often can be temperature 
dependent. This phenomenon is not well understood yet. 
 
 
3.2.2 Smoluchowski ripening 
 
The mechanism of coalescence is determined by cluster diffusion. If atoms jump   
times per second over a distance , the centre of mass of a cluster of a s  atoms 
jumps n  times per second over a distance , the centre of mass of a cluster of a s  
atoms moves n
Dc 
 times over a distance  For the diffusion constant  of the 
adatoms over the surface we can write , resulting in a diffusion constant for 
the clusters  For a hemispherical surface the movement of an atom 
has a component parallel to the substrate surface as well as perpendicular to the 
substrate surface. Therefore, a correction is required resulting in a diffusion 
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In this formula   is the adatom density on the cluster surface and depends on the 
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 '  and  'ss  results in an increase of theMerging of clusters with a volume of  
number of clusters with size 
s
.s  Colli s be usters of sizesion tween cl  s  with any 
r number. Asother cluster results in a decrease in thei  a result one receives [5]:  
 










Using this equation it is possible to determine the evolution of the cluster s nd 
density distributions. 
ize a
Assuming that the adatom concentration   is independent of r  and 
setting a particular shape of a cluster, one can deduce a range of power law 
expressions for the average cluster size and cluster density. These parameters, 
similar as in Ostwald ripening, obey scaling relations [5], but the shape of the size 
distribution in this case will be different. Hence, the size distribution may be a 
tool to distinguish between the two scenarios. 
This issue was addressed by Jak et al. [6, 7] in the investigation of the 
cluster formation for the Pd/TiO2(110) system. They demonstrated that both 
mechanisms can be distinguished by the distribution of the cluster sizes and 




.3 Mor3 phology of small metal particles and “magic number” clusters  
 
o 
to sev l hundreds of atoms, and particles (with diameters 2-100 nm and more) 
In general, atomic aggregates are classified into clusters (< 2 nm), consisting of tw
era
[8]. The structure of clusters is determined by the number of atoms and their 
bonding, which can be of a different nature. Delocalized bonds of metal clusters 
are the reason of their close packed structures with maximum coordination 
number. The interaction energy between the atoms in metallic clusters is 
sufficiently well described by pairwise Lennard-Jones potential with r-6, r - is the 
interatomic distance or, alternatively, by Morse potentials [9]. These two 
potentials consider only interaction between neighbor atoms. For more realistic 
modeling of metals, however, the pair potentials are not sufficient and many-body 
potentials are needed [10]. In very small clusters consisting of several atoms, due 
to different degree of orbitals hybridization, one can encounter an intermediate 
type of bonding. The consequence of this is that the physico-chemical properties 
of clusters are not a simple smooth function of their size. The stability of small 
clusters strongly depends on their size. Clusters with a specific number of atoms 
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“magic numbers” are extremely stable as reflected through the sequence of high 
and sharp peaks in the mass spectra of, for instance, homo-atomic metallic clusters 
[11]. “Magic clusters” possess high ionization potentials, low electron affinity, high 
symmetry and reduced reactivity, high melting points and large highest occupied 
molecular orbital–lowest unoccupied molecular orbital (HOMO-LUMO) gaps [12] 
as compared to clusters with one atom more or one atom less. “Magic number” 
clusters can be considered as superatoms, capable of forming compounds.  
Over the last few decades the subject of “magic clusters” has been studied in 
detail, both theoretically and experimentally. Different kinds of clusters ranging 
from r




dius of the metal droplet can be written as follows 
[23]: 
are gases and metals to intermetallic and ionic compounds were screened. It 
is worth to mention recent impressive experimental results [13-16] concerning the 
observation of some small “magic number” clusters with STM. In general the 
determination of the “magic number” for different elements is not straightforward. 
In order to explain the observed “magic number” clusters and to describe their 
structure two approaches were developed. 
The first approach takes into account the delocalized nature of valence 
electrons in metals [9]. The metal clusters
 valence electrons behave similarly as free electron gas in bulk solid. The 
cluster’s atomic nuclei with inner electrons are considered as positive cores 
forming uniform, structureless and for every valence electron equal background 
(jellium) [17-19]. These assumptions are justified for the clusters of the alkali and 
noble metals as their electronic structure is dominated by the number of valence 
electrons and the ionic cores are of secondary importance. The stability of a cluster 
in this model is determined not by its structure but by its electronic configuration. 
From this model it is impossible to predict the cluster structure. It gives relatively 
good predictions for the sp-bonded metals (alkali metals) clusters [20, 21]. 
The occurrence of certain cluster sizes in jellium model is explained by 
means of the quantum-mechanically defined electronic shell structure in
ctron shells degenerate and can be filled up by electrons according to the 
Pauli principle, every next electron must fill up the next higher energetic shell 
and is less bonded. Typical “magic clusters” with closed shells have 2, 8, 20, 40, 58, 
92 … valence electrons [22].  
The model describes a cluster with a central atom with closed shells as a 
close-packed structure. The ra
3/1Nrws  where N is the number of atoms in the droplet and wsr  is the 
Wigner-Seitz radius
R
 of the element under consideration. For instance, the radius 
                                                 
d Wigner-Seitz radius is the radius of a sphere wh The so-calle ose volume is equal 
to the volume per atom in the solid [24]. For a general cubic crystal with j atoms 
in each unit cell and lattice constant a (for Pt: a=0.392 nm), the following relations 
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of platinum (fcc metal) clusters consisting of 10, 55, 100 and 1000 atoms calculated 
with the above given formula is ~ 0.33, 0.58, 0.71 and 1.53 nm, respectively. The 
size of the clusters calculated according to the above expression agrees rather well 
with the size of clusters observed experimentally, e.g., for cubo-octahedral 55 Pt 
atom cluster by using transmission electron microscopy [26].  
For very large clusters the influence of the electronic shells gradually 
decreases and the better stability of cluster of certain sizes is explained on the basis 
of geometrical packing effects. According to the geometrical approach, the “magic 
clusters” are the result of close-packing of atoms around the central atom. While 
growing very small clusters rearrange themselves into a completely new structure 
when an atom is added. However, this process cannot proceed infinitely and at 
some point an energetically preferred symmetry becomes frozen. One observes a 
minimum in the potential energy of free clusters described by a Lennard-Jones 
potential when dimers, trimers, tetramers are arranged at equal distance to each 
other. Thus, trimers form an equilateral triangle and tetramers - a tetrahedron 
[27]. Furthermore, from a geometrical point of view, a tetrahedral cluster can be 
considered as an “elementary building block” unit of more complex geometric 
structures which can be encountered in clusters. Eventually this can lead to the 
formation of several possible close packed structures consisting of 13 atoms: 
cuboctahedron, icosahedron, and hcp structure as shown in Fig. 3.2. 
 
 
Figure 3.2: Schematic illustration of different close packed structures consisting of 13 
 
Further growth takes place by adding layers of atoms to this 13-atomic 
core. Cuboctahedral and icosahedral clusters can grow by means of regular 
O
 
atoms: 1-hcp structure; 2-icosahedron; 3-cuboctahedron.  
occupation the external surface of theses 13-atomic “seeds” with other the atoms. 
ne layer is sometimes referred to as a geometric shell of atoms [28]. The shells 
                                                                                                                   












 For a simple cubic (sc) 




calculated with the 
expres
t of equilateral triangles and in case of cuboctahedrons also from quadrates. 
For example, 13 is a “magic number” for rare gases, where clusters have 
icosahedral shape (optimum packing of spheres). This concept can be applied to 
the free clusters of, for example, noble gases as well as to supported clusters. As the 
latter ones are in contact with the support, this implies inevitably a deformation. 
The existence of “magic numbers” for atomic microclusters has been found 
experimentally for the first time in the mass spectra of free xenon clusters [29]. 
The clusters with 13, 55, and 147 atoms were observed that coincides with the 
numbers of spheres required for complete-shell icosahedra. 
Each shell in a cubic (ccp) or hexagonal (hcp) close packed structure 
contains 10n2 + 2 atoms (n = number of the shell) [30]. Thus, for example, a cluster 
with n=1 has 13 atoms. The total number N of the elements (atoms) in a cluster 
that forms cuboctahedron or icosahedron can be 
sion: 210 2)1()(   nNN nn , N(0) = 1 - central atom, n - number of a shell. 
Several of the first “magic number” clusters of cuboctahedral and icosahedral 




Figure 3.3: Schematic representation of cuboctahedral (A) and icosahedral Mackay (B) 
“magic number” clusters.  
 
The cluster of 55 atoms within the second icosahedral shell occurs 
not o -atomic clusters, but also in intermetallic compounds and 
uasicrystals [31]. 
frequently and has been called Mackay icosahedron, or simply MI, which occurs 
nly in various homo
q
“Magic clusters” quite often exhibit physical properties that are not 
characteristic to bulk material. For example, according to recent experiments [32], 
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Pt clusters as small as 13 atoms supported in the pores of a zeolite are magnetic in 
contrast to Pt atoms in the bulk platinum which are not magnetic. 
ical reactions, 
having
ormation of “magic clusters” which 
are sta
aximization of the number of nearest 
neighbors, whilst minimizing the strain energy that results from nearest neighbor 
The appearance of exceptionally stable “magic number” clusters of certain 
elements is explained by the simultaneous closure of electronic and geometric 
shells. Recently, the formation of this kind of “magic cluster” - Al13 [33] was 
detected. It is claimed that it can act as a single entity in chem
 properties similar to those of a halogen. 
Besides homo-atomic “magic clusters” it is possible to produce hetero-
atomic clusters as well. For example, Ziemann and Castleman [34] found that 
(MnO)x clusters for x = 3, 6, 9 and 12 exhibit prominent peaks in the mass spectra, 
indicating that these may be unusually stable. 
It is important to note that the supported “magic clusters” not only deform 
as was mentioned above, but the specific interaction with the support may lead 
the formation of different “magic number” in two-dimensional systems, e.g., 
tetramers and hexagonal heptamers [35]. The f
ble at certain sizes on a particular surface is reviewed in [36]. Recently it 
was possible to register some of such “magic clusters” by STM [37, 38]. 
Nevertheless it must be noted that the exact geometrical structure of clusters is 
still difficult to access experimentally as well as theoretically [8, 39, 40]. For 
instance, less is known about the stability of clusters with sizes in between the 
“magic numbers”. Theoretical calculations carried out using different potential 
models of the metal bond give different configuration of the lowest-energy isomer 
clusters [41-43]. For a very long-ranged potential the structures are not based on 
any regular packing [40]. The problem is also aggravated by the fact that the 
ground state energy of a cluster is situated on absolute or global minimum of the 
potential surface. Since the number of local minima in the potential energy surface 
increase exponentially with cluster size this makes localization of the true global 
minimum and thus the optimal cluster structure extremely difficult [44]. Recent 
advances in the description of matter aggregation and guiding principles of 
formation of the free and deposited atomic clusters including some of “magic 
number” are discussed in [11, 45]. The structure of clusters with less than 10 atoms 
cannot be fit to any model. For the transition metals, the structure must be 
determined on the basis of ab initio methods. Recent progress in the 
determination of the structure of unsupported small Ptn (n=2-60) clusters using 
these methods can be found in [46-49].  
In general, the actual morphology of clusters depends on many factors 
among which the most important are: the method of production, the growth 
kinetics, the time scale of the experiment. The structure of a cluster with lowest 





tarting point to the understanding of the shape 
ansformation of small crystallites and nanoparticles. It is also of fundamental 
portance to heterogeneous catalysis since certain chemical reactions are 
ystal surfaces [52-59]. 
The theory of ECS started with the work of Wulff [60] in which he showed 
istances deviating from the equilibrium pair value. In the transition from 
small to larger sizes, at some given cluster size or certain geometric arrangements, 
clusters as described above can become unfavorable from an energetic point of 
view. If only nearest-neighbors are considered in the calculation of the surface 
energies, optimal atoms arrangement is given by the Wulff construction (see § 
3.4), which describes the equilibrium shape of micro-crystallites. This approach 
can be used for small clusters with fcc structure [50]. For elements with fcc 
structure, the Wulff construction is a polyhedron: truncated octahedron with 
regular hexagonal faces.  
As described in [51], the icosahedral structure is the equilibrium crystal 
shape (ECS) for small sizes and there is a critical size for the transition between 
icosahedron and fcc Wulff polyhedron. In addition, there are possible oscillations 
among fcc structures from Wulff polyhedron to octahedron and vice versa as a 
function of the cluster ma
 
3.4 Equilibrium crystal shape. Wulff construction 
 
The concept of ECS serves as a s
tr
im
structure sensitive, i.e. proceed differently on different cr
that the normal distance from a common center of a small crystallite to any given 
surface facet is proportional to the surface free energy of that facet. In general, this 





where γi - is the specific surface free energy of the ith crystal plane and hi – is the 
central distance of the ith crystal plane. Strictly, it is applicable only to the 
description of free-floating microscopic but not macroscopic crystallites at zero 
temperature, assuming that the crystallites are dislocati  free and being in 
equilibrium that is rarely the case in real physical systems. Surface and volume 
illustration, it is more convenient to represent ECS in two-dimensions. In this 
on
stress in very small crystals (<10-5 cm) can influence the ECS as well [61], implying 
that this approach is correct only for larger particles. This model also neglects 
some other physical effects, e.g., so-called 1/R effects. 
In three dimensions, ECS can be defined in spherical coordinates by the 
distance r from the center of a sphere, and two polar angles φ and θ; then the 
surface free energy in terms of its orientation will be γ(φ, θ). However, for 
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case, the surface free energy, γ is a function of only one angle θ, 0 ≤ θ ≤ 2π, 






Figure 3.4: Schematic illustration of the Wulff construction, connecting the anisotropic 
surface free energy γ(θ), outer curve, with th quilibrium crystal shape function z(x), inner 
curve. W - Wulff point. (a) Fourfold sym etric ECS of isolated crystallite. (b) Similar 
constr tion for a truncated crystallite supported by a substrate. Point γ* represents the 
interfa nd corresponds to the difference γi - γs. The figure is adopted from [63]. 
 




mo s . For 
 fixed temperature T, one needs [62] to start at the center of a crystallite W 
(Wulff point) and make the polar plot of the specific surface free energy γ(θ,T)  as 
a function of local orientation θ  relative to the crystal axes, to draw a radius 
vector in this direction, and then to construct the normal line to the radius vector 
at its intersection point with the polar plot and repeat the procedure at all 
orientations θ. The inner contour inside the polar plot will represent the ECS. 
Figure 3.4 (a) shows the 2-D cross section of the ECS (Wulff plot) for a crystalline 
body when only its nearest-neighbor interactions are considered [simple cubic 
lattice-gas model (see explanations further in the text)]. On the plot γ(θ) is 

















expressions for the transformation of anisotropic surface free energy γ - plot to 
CS in two and three-dimensions can be found in [64]. In general, a Wulff plot 
an have missing orientations, sharp edges and corners, and its facets can be 
ed or flat. The surfaces that possess the lowest surface free energy 
om nly the dense atomic planes) shape the cry tal in equilibrium(c
instance, the ECS of a fcc crystal, at 0 K is a truncated octahedron (Wulff 
polyhedron) which only contains (111) and (100) faces. In reality the equilibrium 
shape of a crystallite is not necessarily reached and it can be determined 
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predominantly by kinetic or other nonequilibrium conditions. Since the surface 
free energy depends on temperature, an increase in temperature can result in a 
more round ECS. Hence, in addition to planar facets on ECS curved regions start 
to form, facets begin to diminish and at some temperature the ECS becomes 
everywhere smoothly round. Each type of facet vanishes at a characteristic 
roughening temperature. Analogous trends in ECS are observed when solid long-
range interactions are introduced into the model. The more the range of the 
interaction energies is increased to more distant neighboring atoms, the more 
facets orientations are stabilized and high-index surfaces begin to appear. 
Examples of such calculations are shown in Table 3.1. 
 
Table 3.1: The surface energies at T=0 K for simple crystalline lattices with nearest 
neighbor interactions of energy J1 and the second neighbor interactions of energy 
J2. The energies are expressed in terms of the surface Miller indices {hkl}, the 
crystalline lattice constant a. The surfaces exposed on the ECS are listed in the 
final columns for the case of nearest neighbor intera
 
ctions only, for the case of 
n n  first and seco d neighbor i teractions. A tabulation including third interactions, a
large number of crystal habits can be found in [65]. 
Surfaces on ECS Structure              




First and second 
neighbor 
interactions 
21 )2()( kJlkh 2
Jl           {001}     1}, {111} 
1
Simple cubic              {001, {01
Fcc                 21 )(2)2(2 JlkhJlh             {001}, {111}     {001, {011}, {111}  
Bcc                 21 )(2 JlkhlJ                            {0     {011}            11}, {001} 
T om [63]. 
 
 even regardless of o 
temper mmonly sharp edges and  
c rientations. In d s are 
supported on a substrate and it is important to know to what extend a substrate 
question was resolved by Winterbottom [66] for 
ceted crystallites in contact with a flat solid surface. For a supported crystallite 
he def
he table is adopted fr
However, the range of interaction at non-zer
ature co  corners of ECS are rounded exposing a
ontinuum of o ispersed supported catalysts small crystallite
can influence their ECS. This 
fa
ined the free energy of the surface in contact with the substrate as an 
effective surface energy: γ*(θ)=γ1(θ) for the crystalline and γ*(θ)=γi - γs,=-γ1cos(θc) 
for the crystalline/substrate interface (the surface energy of the substrate and the 
surface energy of the interface are denoted γs  and γi, respectively, and θc  is the 
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contact angle at the interface). Due to the latter condition on the γ - plot appears 
an additional point and the function z(x) becomes truncated because of this 
interface condition. Figure 3.4 (b) depicts the construction of the ECS for a 
supported crystallite [γ*(θ) is chosen to be positive]. Effective surface energy is a 
measure of the degree of wetting between the crystallite and the substrate. If γ*(θ) 
is negative, Wulff’s point W is located below the substrate surface and the γ*  point 
appears in the positive portion of the z-axis. If the contact angle is 180° or 0° one 
gets so-called non-wetting and complete wetting conditions, respectively, which 
represent nonphysical situations during the crystallite growth. 
One should also keep in mind that the most probable crystallite shape is 
determined not only by the stability of planes, but also by the stability of atoms in 
the coordinatively most unsaturated sites (edges, corners). Frequently there is a 
situation where thermodynamically several types of planes are almost equally 
possible. Defect density either in the substrate or in the growing crystallite can 
also influence the crystal shape. The presence of defects can change the surface 
energy
] B. K. Chakraverty, J. Phys. Chem. Solids 28, 2401-2412 (1967). 
ys. Rev. Lett. 79, 4238-4241 (1997). 
] M. J. J. Jak, C. Konstapel, A. van Kreuningen, J. Verhoeven, J. W. M. Frenken, 
The Netherlands (2000).   
 1982) [in Russian]. 
 Press, Oxford, 
st Journal of Nanomaterials and Biostructures, 
0 
(2005). 
 of a particular crystal plane. Depending on the amount of defects, 
differences in sizes of nanoparticles can result in a different balance between the 
surface energy of different crystallographic planes. Thus, a particle of a given size 
can have a different ratio of certain crystallographic planes than a particle of 
another size. The advent of scanning probe microscopy provided a valuable tool to 
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Platinum deposition on HOPG  
 
 
The morphology of platinum nanodeposits prepared by physical vapor deposition 
in UHV on a HOPG surface was analyzed using STM. After deposition STM 
images showed a random distribution of irregularly shaped three-dimensional 
platinum particles with an apparent average height of 0.2-0.3 nm. Annealing of 
the Pt/HOPG system in UHV at 500 °C for 7 h resulted in a very narrow size 
distribution of the platinum particles with an apparent average height of 0.4-0.6 
nm. The annealing of the system up to 500 °C in the presence of O2, H2 and CO at 
a pressure of 2.010-5 mbar transforms the deposits into round particles with an 
apparent height of 0.4-1.4 nm. The most pronounced effect was observed upon 
heating in the presence of CO. STM imaging just after platinum deposition 
revealed a small decoration of the substrate steps with Pt particles that increased 
after subsequent temperature treatment of the system in UHV. The presence of 
the gaseous atmospheres distinctly enhanced this effect. 
The experiments indicate that the growth of Pt nanoparticles occurs 
according to the coalescence mechanism in UHV as well as in gaseous 
environment (H2, CO, and O2). 
 
 
4.1 Lattice structure of HOPG 
 
The crystal lattice of highly oriented pyrolytic graphite consists of an ordered 
stacking of basal planes where carbon atoms within the planes form hexagons. In 
the planes each carbon atom is trigonally bonded to the three nearest neighbors by 
means of sp2 hybridized orbitals, which take part in the formation of strong 
covalent C-C (σ) bonds. The overlap of unhybridized 2pz orbitals from each carbon 
atom additionally leads to the formation of π bonds. The interaction between the 
basal planes is largely dominated by van der Waals interaction. The basal planes 
are stacked in the sequence ABAB. The surface structure of the HOPG(0001) 





















Figure 4.1: (A) Schematic representation of two successive layers of HOPG (top view). (B) 
Side view of HOPG structure. The unit cell of the HOPG indicated by the black solid lines 
has four different carbon atoms marked 1, 2, 3 and 4. Note: the atoms in a HOPG layer are 
designated as either α or β sites, depending on whether or not a given carbon atom has an 
atom below or above it in adjacent planes. β atoms have no carbon atom directly below or 
above them and have been shown to be the carbon atoms that appear usually in STM 
images of the surface while α atoms do have such neighbors. The in plane nearest-neighbor 




4.2 Literature review 
 
4.2.1 Platinum deposition on HOPG 
 
The use of well-defined and easily prepared substrates greatly reduces the amount 
of work associated with their characterization prior to usage in model supported 
metal catalysts studies. Highly oriented pyrolytic graphite perfectly matches such 
requirements. Of value also is that among a range of similar substrates it has a 
relatively simple structure. In addition, it is conductive and chemically “inert”. 
The latter property may provide additional benefits for the analysis of the catalytic 
properties of a supported phase. 
An extensive list of studies on the deposition of various elements on a 
HOPG surface performed by a range of methods is already available [2-77]. 
Platinum deposits on a HOPG surface were intensively studied with scanning 
probe microscopy (SPM) in the 1990s [3, 5, 7-17, 21, 22, 42, 43, 45, 46, 49-52] and 
in some more recent reports [56, 57, 59, 63, 65, 73-76] as well. It should be noted 
that imaging of deposited materials on this surface with SPM techniques is not an 
easy task. Detailed analysis of the size distribution profiles of deposits and specific 
morphological features in many early SPM studies was not accomplished due to 
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the lack of resolution. This can be explained partly by difficulties of the SPM 
imaging because of weak adhesion and mobility of deposits on HOPG. 
Concerning the influence of gas environment on the size and morphology 
of Pt deposits on HOPG by using STM useful observations have been made in [13-
15, 22]. However, these reports mainly dealt with the analysis of a pretreatment 
action of some gases on the Pt/HOPG system. Only a few reports [21, 27] have 
been dedicated to the characterization of the morphology of finely dispersed Pt on 
this substrate after contact with gas mixtures. Thus, a clear correlation between 
the structure of deposits and their activity in chemical reactions has not been 
established. Today, the situation does begin to change. For example, recent study 
by Bayati et al. [73] demonstrated that the reactivity of Pt nanoparticles deposited 
on HOPG for electro-oxidation of CO and methanol decreases with decreasing 
particle size. In [74, 75] the H2−D2 exchange reaction has been investigated on the 
Pt/HOPG system. A clear dependence of the reaction on the morphology of Pt 
deposits has been found: flat monolayer clusters of Pt exhibited higher catalytic 
activity at high pressures (24 Torr) than taller Pt clusters. It is worth noting that 
beside Pt other metals supported on HOPG are actively studied. For instance, 
recently catalytic tests on CO interaction with silver [67] and gold [68] 
nanoparticles as well as thin films of these metals on HOPG and oxidized with 
atomic oxygen under UHV were performed. Also silver nanoparticles supported 
on HOPG in a range of coverages have been tested toward the adsorption of O2, 
CHCl3, and CCl4 [77]. Finally, the investigations of different bimetallic Pt 
containing nanoparticles prepared on HOPG are in progress [78-80]. 
Depending on the deposition conditions and precursors, platinum deposits 
on a HOPG surface exhibit different morphologies and behavior. Chemical 
impregnation methods [17, 24, 30] generally produce less evenly sized deposits 
than vacuum vapor deposition methods [14, 17, 19, 25, 55] and deposition 
techniques based on mass selection of clusters from a cluster beam [36, 43, 44].  
As mentioned above there are considerable difficulties of SPM imaging of 
the detailed structure of deposits on HOPG, and to the author’s knowledge 
unambiguously atomic resolution of the external surface of noble metal 
nanodeposits on HOPG has only been achieved by Humbert et al. [6] for Pd and 
Atamny and Baiker [46] for Pt. In the former case 1.5 nm large Pd clusters imaged 
in air were found to have a tetrahedral shape with (111) facets and were 
epitaxially oriented: Pd(111)//graphite(0001), Pd(11 2 )//graphite(0100). In the 
latter case quite large 2D Pt particles exhibited the same symmetry as the surface 
implying a (111) orientation of Pt. Atomic resolution of the particle’s edge, 
however, could not be achieved as stated due to the organic contamination 




4.2.2 Interaction of O2, CO and H2 with Pt clusters 
 
Carbon monoxide, hydrogen and oxygen are widely used as probe molecules to 
determine the metal surface area and dispersion of the supported catalysts [81-87]. 
The fist two molecules are used most frequently. Besides that CO is often used as a 
probe molecule since the intramolecular C-O stretch vibration is very sensitive to 
the local adsorption geometry and the presence of neighboring adsorbates [88-90]. 
Carbon monoxide adsorption on Pt is non-dissociative and non-activated and it 
adsorbs predominantly in the linear form on extended Pt surfaces as well as 
nanoparticles [87, 91, 92]. At ambient temperatures the stoichiometry is assumed 
to be 1:1 for sufficiently high pressure (Torr range) [82, 85]. On-top CO is the only 
species observed on the Pt(111) surface between 160 and 400 K, independent of 
gas pressure (10-7-500 mbar) [93]. The latest studies revealed that CO binds 
exclusively atop of tiny (sub-nanometer) Pt clusters containing between 3 and 22 
atoms [94]. It is worth noting that under 40 Torr CO was found to dissociate on 
Pt(111), Pt(557) and Pt(100) single crystals at 673, 548 and 500 K, respectively 
[95]. As well Park et al. [96] have found that CO adsorbs molecularly and 
dissociates upon heating on the Pt(410) surface. CO desorbs in 5 peaks at 550, 500, 
450, 380 and about 130 K from this surface.  
Both H2 and O2 dissociate at room temperature on Pt particles and require a 
pair of adjacent Pt atoms. The measurements imply an adsorption stoichiometry 
1:1 for counting the number of Pt surface sites. However, this implication may not 
always hold. For example, for oxygen a ratio of O/Pt=0.71 have been reported [83]. 
As well, recent chemisorption experiments on Pt particles with sizes ranging from 
0.98 to 1.26 nm [86] revealed that hydrogen coverage depends strongly on the 
support ionicity and the H/Pt ratio may be higher than unity. It is worth 
mentioning that Tsuchiya et al. [97] registered at least four different states of 
chemisorbed H2 on a platinum black catalyst with peak maxima at about −100, 
−20, 90, and 300 ° C.  
Whereas the adsorption of H2, O2 and CO on different Pt single crystal 
surfaces has been studied extensively, the details of the interaction of these 
molecules with tiny metal clusters have not been yet studied thoroughly. For tiny 
clusters consisting of several metal atoms theoretical quantum mechanical 
calculations are almost the only sources of investigation [98]. As already discussed 
in § 3, small metal particles/clusters exhibit novel chemical and physical 
properties, due to the presence of less coordinated atoms (such as on corners and 
edges) than in the bulk. This implies that the interaction between a molecule and 
a metal cluster is significantly different from the interaction with a bulk metal 
surface. Important questions are how a molecule is attached to a metal cluster and 
does it dissociate or does it remain intact. An excellent example in this context 
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represents the latest remarkable result due to Vajda et al. [99] who by quantum 
chemical calculations as well as experimental studies [100] demonstrated that size-
preselected Pt clusters with 8-10 atoms stabilized on high-surface-area supports 
are 40-100 times more active for the oxidative dehydrogenation of propane than 
previously studied platinum and vanadia catalysts, while at the same time 
maintaining high selectivity towards formation of propylene. It was established 
that under-coordination of the Pt atoms in the clusters is responsible for the 
higher reactivity compared with extended surfaces. In the following some recent 
advances in the study of the interaction of free and supported Pt clusters on 
HOPG and some other substrates with CO, H2 and O2 are shortly reviewed. 
According to MD simulations performed by Wu and Chan [101], oxygen 
(equilibrated at 250 and 298 K) on Pt clusters supported on graphite adsorbs 
primarily on the interstitial sites of Pt and the interaction energy between oxygen 
and Pt is claimed to be strong, especially for large clusters. Li and Balbuena [102] 
using DFT computations to study the interaction between atomic and molecular 
oxygen with isolated small Ptn clusters (n=2-6) established that the adsorption 
energy for atomic oxygen strongly depends on the metal cluster size and 
geometry. The dependence of the activation barrier for dissociation of adsorbed O2 
on the Pt cluster size was calculated. For instance, the adsorption energy of the 
oxygen molecule on the Pt5 cluster was found to be 0.53 eV. The most recent DFT 
calculations carried out by Xu et al. [103] concerning the effect of cluster size on 
the reactivity of small Ptx clusters (x=1-5 and 10) toward the oxidation of CO 
pointed to a large enhancement of the binding of all the adsorbed species 
compared to the binding on Pt(111), particularly on Pt1–5. In the range x ≤ 5 
substantial size-dependent variations in binding energy were found. Whereas the 
binding energies of oxygen reach a minimum (strongest adsorption) at Pt4–5, those 
of CO rise with increasing cluster size. The binding strength of these adsorbates 
generally follows the order O>CO>O2 over the entire range of Pt particle sizes. 
The overall trend is that the binding energies of all the species become more 
positive and converge toward the bulk levels with increasing particle size. The 
binding energies of all the species on Pt10 have already approached the Pt(111) 
levels. It was shown that atomic O and CO prefers binding to a single Pt atom, 
regardless of the availability of two-and three-fold sites (except for Pt2-CO). 
Oxygen atoms consistently bind to the apexes of the Pt clusters. Adsorption occurs 
without significant structural modification of the Ptx clusters and with a nearly 
uniform 0.6-0.7 electron charge transfer from the clusters to the O atoms. The O 
binding energy varies non-linearly with cluster size and is lower than the binding 
energy on Pt(111) in all cases with the exception of Pt10. The maximum binding 
energy for O occurs at Pt5, that is 0.7 eV stronger than Pt(111)-O (-1.2 eV). For O2 
the maximum interaction is observed at Pt4 (-2.5 eV) compared to Pt(111)-O2 (-0.6 
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eV). O2 adsorption is particularly strong on Pt4 and Pt5, where it transforms 
tetrahedral Pt4 into a square and trigonal bipyramidal Pt5 into a square pyramid. 
The authors claim that under ambient and typical oxidation catalysis conditions, 
the prevailing compositions are expected to be between PtxOx and PtxO2x. These 
clusters are found to be distinct from the bulk oxides and prefer 1-D and 2-D 
chain and ring-like shapes. 
Carbon monoxide interaction decreases monotonically with cluster size 
from -3.5 eV for Pt1 to -2.0 eV for Pt10, that is close to the binding energy of CO 
with the Pt (111) surface (-1.8 eV). As in the case of adsorption on large Pt 
surfaces CO, binds to the small Pt clusters according to the Blyholder scheme 
[104]. CO is predicted to bind through its C atom in linear conformations, except 
on Pt2. The preference for a bridge site is unique to Pt2 and is 0.7 eV more stable 
than the linear binding state.   
In earlier experiments by Heiz et al. [105] it was observed that CO desorbed 
from monodispersed Pt1, Pt2 and Pt3 clusters deposited on an atomically clean 
silica thin film in a distinct peak centered at 340 K with an activation energy of 
about 64 kJ/mo .l..  It was shown that this state is a unique feature of highly 
dispersed Pt on SiO2. CO desorption from other Pt sites was also detected, 
exhibiting higher desorption activation energies, but the nature of these sites has 
not been determined. In the recent investigation by Nakamura et al. [75] by TPD 
measurements of CO from Pt deposited on HOPG with Pt coverage of 0.12, 0.18, 
and 0.24 (the majority of Pt clusters were of 1-2 atoms in height and 1.5 - 4 nm in 
width)  two desorption peaks of CO at ca. 300 and 450 K were registered. The 
latter peak was assigned as the CO desorption from the Pt surface which has the 
same property as single crystal surface. The peak at 300 K has not been reported 
before and it was concluded that some of the Pt particles deposited on HOPG have 
quite different catalytic properties than the Pt single crystal surface. This behavior 
was ascribed to the interface interaction between Pt particles and HOPG. 
Ganteför et al. [106] also found good agreement with the Blyholder model 
for CO chemisorption on Ptn (n=1-4) clusters. The strength of the π-backdonation 
is found to be larger for small particles compared to the corresponding single 
crystal surfaces. Curiously, recent DFT calculations [107] revealed an unexpected 
interaction of CO with Pt clusters consisting of a few atoms: CO can adsorb 
upside-down (the O atom close to the metal atom) on small PtmAun clusters (m, 
n=0-4) contrary to the bulk surfaces such as Pt(111), Au(111), and Pt0.25Au0.75(111). 
The authors claim that CO upside-down adsorption on pure Pt clusters may be 
detected using FTIR spectroscopy. Finally, concerning CO adsorption on small Pt 
clusters it is worth mentioning the DFT computations by Yourdshahyan et al. 
[108] which revealed substantially stronger CO chemisorption energy to Pt3 
nanocluster (3.92 eV) deposited on alumina compared to the bulk Pt (1.70 eV). 
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According to the recent DFT calculations performed by Zhou et al. [109] 
concerning dissociative chemisorption of hydrogen and sequential H desorption 
for selected Ptn (n = 2-5, 7-9) clusters the reaction processes are driven by charge 
transfer from Pt atoms to H atoms assisted by strong orbital overlap between Pt 5d 
orbitals and H 1s orbital, which leads to electron delocalization in large clusters of 
metal hydrides. The calculations established that the number of H atoms 
chemisorbed on the small Pt clusters increases almost linearly as the cluster size 
increases. But even tiny Pt clusters can accommodate a considerable amount of 
hydrogen, e.g., Pt2 can accommodate up to 12, and Pt9 up to 34 H atoms.  
Finally, it is worth to mention that hydrogen at low coverages was found to 
adsorb on supported Pt clusters on basic substrates in the platinum 3-fold hollow 
sites near cluster edges at high temperatures, whereas in the case of acidic 
supports, the H appears to adsorb at the Pt cluster edge atop sites [110]. At higher 
coverage, the H prefers the 3-fold hollow sites with approximately equal bond 
strength on both acidic and basic support. 
 
 
4.3 Pt/HOPG model system: experimental results of annealing in UHV 
and in atmospheres of O2, CO and H2 
 
The sintering of metal nanoparticles on different model supports is an important 
and very active research area that has an objective to answer the important 
question: how the deactivation of the real supported catalysts occurs under 
operating conditions [111]?  
This section presents the results of STM imaging of a HOPG (0001) surface 
after deposition of Pt and subsequent annealing in UHV and in the presence of 
oxygen, carbon monoxide and hydrogen.  
The HOPG substrates used were 1 cm2 and 1 mm thick and prepared by 
cleaving in air using adhesive tape. Prior to the Pt deposition the HOPG surfaces 
were treated according to the procedure described in § 2.9.1. 
In most cases STM and AFM images of the HOPG surface yield only every 
other atom with the in-plane lattice constant of 2.46 Å, and its full honeycomb 
structure revealing all six carbon atoms of each hexagon can only be obtained 
under certain conditions [112]. Despite the fact that the HOPG surface was 
imaged with atomic resolution at the beginning of the era of SPM [112], there are 
still several models explaining its observed surface structure [113, 114]. The 
question which one is correct remains even today unanswered [114].  
All STM experiments conducted in the present study registered the HOPG 

















Figure 4.2: STM image (6 × 6 nm2) of the HOPG(0001) surface (Ut = 0.5 V, It=0.2 nA). The 
image has been enhanced by filtering. The line-profile, whose position is marked with the 
white line on the image, shows the apparent atomic corrugation. 
 
 
4.3.1 Pt on HOPG surface. Annealing in vacuum 
 
Metal depositions on van-der-Waals substrates like HOPG generally lead to 
regular shaped islands [115]. In general, in the absence of surface defects, cluster 
growth is determined by temperature and evaporation rate. By controlling these 
parameters one can control the island density and size. Growth processes can be 
well described by nucleation of atoms once nuclei of a critical size have been 
reached. Theoretical description and rate equations of these processes are given in 
[116, 117 and ref. therein]. 
In order to get an idea what kind of structures Pt deposits can form on 
HOPG under our experimental deposition conditions, samples with several 
monolayers (5 ML) and a sub-monolayer (~ 0.05 ML) Pt coverage were prepared. 
An STM image of the Pt (5 ML)/HOPG sample is shown in Fig. 4.3 (A).  
The amount of the deposited material was checked by means of RBS (Fig. 
4.4). As can be seen, the deposition of 5 ML of Pt produced a uniform and 
continuous though rough sponge-like Pt film on the HOPG surface with some 
crevice-like voids. The apparent height of the film as determined from the STM 
line-profile is around 0.8 nm [Fig. 4.3 (A)]. STM images of the second sample (~ 
0.05 ML Pt) showed irregularly shaped 2-D/3-D clusters. The clusters are spread 
randomly over the surface and they have an average apparent height of 0.2-0.3 
nm, i.e. 1 ML (Fig. 4.5). A rough estimation based on the assumption of Pt(111) 
island and taking into account the model of atom arrangement within a cluster, 






















Figure 4.3: (A) STM image (70 × 70 nm2) of 5 ML thick Pt film on HOPG and a line profile 
through the surface. (B) STM image (150 × 150 nm2) of the same sample after annealing in 
UHV at 500 °C for 1 h and a line profile through the surface. The arrow on the image marks 
the location of the surface shown on the inset (20.1 × 20.1 nm2). Imaging conditions: (A) Ut 
= 0.7 V, It=0.2 nA, (B) Ut= - 0.7 V, It= 0.3 nA. 
 
To investigate the influence of temperature on the Pt deposits each sample was 
annealed at 500 °C in UHV for 1.5 h. After such a treatment the Pt film on the first 
sample appeared to be more structured, that was manifested in a much better 
contrast of the STM images [Fig. 4.3 (B)]. As the inset in Fig. 4.3 (B) shows, there 
are some patches of hexagonal-like arrangement of the Pt deposits on the 
substrate, especially in the regions of the surface around the voids. Apparently, the 
annealing causes Pt atoms and clusters to diffuse on the HOPG surface and they 
subsequently arrange in the most energetically favorable (with a minimum 
exposed surface/volume ratio) surface structures (agglomerates). At the same time 
the Fourier transform (not shown) of the STM images did not indicate a long 
range order of the Pt film either before or after the annealing. A schematic 
arrangement of an agglomerate assembled from several Pt clusters consisting of 13 
Pt atoms (Pt13 - the first “magic number” for a free cluster, see § 3. 3) along with 
some separate clusters of smaller size is illustrated in Fig. 4.6. Interestingly, recent 
AFM study [118] revealed that the shape transformation and the coalescence in 





















Figure 4.4: RBS spectrum of a 5 ML thick Pt layer deposited on HOPG. The measurement 
was done with 2.0 MeV 4He+ and a detector at a scattering angle of 165°. The channel 
numbers of C and Pt on the surface are as indicated. The measured spectrum (1) and the fit 















Figure 4.5: STM image (70 × 70 nm2) of the HOPG(0001) surface with ~ 0.05 ML of Pt and 
a line-profile along a step and a terrace. Imaging conditions: Ut= 0.2 V, It = 0.1 nA. 
 
supported on graphite even at room temperature. This was attributed to the high 







Figure 4.6: Real space model of Pt clusters on a HOPG surface: (1) platinum monomer, (2) 
trimer (P3), (3) tetramer (P4), (4) decamer (P10) and (5) Pt13 “magic number” cluster are 
shown. Clusters are shown with the atomic radii of the Pt atoms. For illustrating purposes 
an imaginary agglomerate (6) consisting of several Pt13 clusters is depicted.  
 
Concerning the issue of Pt particles arrangement on HOPG it should be 
noted that the lattice mismatch between Pt (the room temperature lattice constant 
of Pt, a=3.92 Å [119]) and HOPG is  ~ 59 %. However, there is a possibility that 
some deposited clusters orient to the substrate with their close-packed Pt(111) 
surfaces which have an in-plane lattice constant of 2.77 Å [119], in this case the 
lattice mismatch is reduced to ~ 13 %. The possibility of such Pt particles 
arrangement is supported by the findings of Clark and Kesmodel [16] that are 
based on high resolution image analyses of Pt deposits for coverages of 5-30 % of a 
monolayer. These workers found that two-dimensional Pt islands on HOPG exist 
as a hexagonal close packed (hcp) array. The epitaxial arrangement of Pd and Pt 
particles on this surface was also registered by Humbert et al. [6] and Atamny and 
Baiker [46], respectively. These results are in agreement with very recent MD 
studies performed by Ryu et al. [120] according to which Pt clusters supported on 
graphite may have a hexagonal or a rectangular lattice as well as mixed lattice in 
the bottom layer. 
There are several possibilities for a single Pt atom to be adsorbed on the 
HOPG surface. This subject was analyzed in [7] and the probability of a Pt-atom to 
bind on the different HOPG surface sites: α, β, hollow-site and in-between sites, 
was determined. The adsorption probability near a β-site appeared to be slightly 
higher (a factor of 2) than near a hollow-site or an α-site. A 26.4 % probability 
was found that the atom sits in-between sites. The authors claimed to observe Pt2-
dimers and Pt3-trimers by STM. Because of the very broad distribution of Pt-dimer 
bond length (from 1.8 to 2.9 Å) with an average value of 2.45 Å it was proposed 
that the bond length is not related to the graphite lattice distance. Two kinds of 
adsorbed Pt-trimers on HOPG surface were found, either linear chains or 
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equilateral triangles with an average bond length of 2.66 ± 0.32 Å. It should be 
noted that for the gas phase Pt2 and Pt3 the corresponding bond distance was 
calculated to be 2.39 and 2.34 Å, respectively [121]. According to a more recent 
study [76], Pt (deposited on HOPG by physical vapor deposition) atoms locate on 
the β-sites of the HOPG surface. This indicates ~ 13 % shrinking of Pt-Pt distance 
compared to the bulk Pt-Pt nearest-neighbor distance of 2.77 Å.   
The line-profiles through the STM images of Pt (5 ML)/HOPG sample 
before and after annealing taken with a sample bias of 0.7 V and - 0.7 V (Fig. 4.3) 
showed that the apparent height of the Pt film was not influenced by the bias 
voltage change. There is also a good correlation between the apparent heights of 
Pt deposits determined by STM and the thickness of the film obtained by RBS 
measurements. The sample with ~ 0.05 ML Pt annealed under identical conditions 
exhibited particles with an apparent height in the range of 0.4 -1.2 nm decorating 
the substrate steps along with a small amount of particles with an apparent height 
of about 0.2-0.3 nm located on the terraces (Fig. 4.7).   
In Fig. 4.8 the typical particle height distribution along one of the substrate 
steps is shown. It is interesting to note that the height of Pt particles along the 
steps is quantized by steps of ~ 0.1 nm. The exact nature of this phenomenon is 
not clear at the moment. Probably this observation reflects the size-dependent 
stability of these particles and apparently they grow by increasing the number of 
shells in the particle. In view of the detection of Pt particles of discrete size in our 
















Figure 4.7: STM image (200 × 200 nm2) of HOPG with deposited ~ 0.05 ML Pt after 
annealing in UHV at 500 °C for 1.5 h showing two monoatomic steps decorated with Pt 
particles. Aside of the image, a line-profile, whose position is marked with the white line 
on the image, shows the apparent height of the particles situated near neighboring step 





Figure 4.8: Histogram of the apparent height of the Pt particles obtained by analyzing of 
the STM image along one of the steps presented in Fig. 4.7. Here the height is the sum of 
the height of the monoatomic step and the apparent height of the particle. 
 
catalysis this issue will be considered in more detail in the Discussion.  
Since neither a high nor a very low coverage do not allow to observe 
changes that may occur with Pt particles with plausible statistics, Pt/HOPG 
samples up to a total coverage of 0.2-0.4 ML of bulk mass Pt equivalent were 
prepared, which exhibit a sufficient interparticle distance and the particle size is 
small. It is worth to note that when STM imaging was carried out with a rather 
large tunneling current (0.5 - several nA), it was found that Pt particles could be 
displaced by the STM tip from their original position. This implies very weak 
interaction with the support. An example of such an event is shown in Fig. 4.9. To 
avoid this to happen, the experiments were carried out with a tunneling current of 
0.1-0.3 nA and a bias voltage of 0.2-0.5 V. In this range of tunneling conditions no 
change in the apparent height of the clusters was observed. 
The STM image after supply of 0.3 ML of Pt on an HOPG is shown in Fig. 
4.10 (A). Initially, Pt deposits were randomly distributed over the surface along 
with a small amount of particles pinned to the steps of the substrate. These pinned 
particles also had certain discrete sizes. But, since it was not possible to visualize 
the external surface of the particles, i.e. their geometric shape, it could not be 
determined whether these particles belong to “magic numbers”. 
The obtained height distribution is shown in Fig. 4.10 (B), yielding the 
average apparent height of the particles in the range of 0.25-0.3 nm. The Pt 
deposits had an irregular particle-like morphology and were fitted best by using a 






Figure 4.9: STM image (500 × 500 nm2) of Pt/HOPG showing an example of the relocation 
of Pt particles by a tip at high tunneling current. Imaging conditions: Ut=0.5 V, I t=2 nA. 
 
In should be noted that the size (height) distribution in all of the 
experiments performed in the present work was determined from a series of STM 
images by taking line profiles across each of the particles. Although this method of 
analysis is very time consuming, it resulted in much more accurate measurements 
in comparison to the application of automatic size determination by specialized 
software, because it was not always possible to get rid of occasional strong 
deterioration of the STM images by noise. 
Further a Pt/HOPG sample with 0.3 ML Pt was heat-treated first in UHV at 
500 °C for 1.5 h and then under identical conditions for a longer time (7 h in 
total). After the first annealing step, the shape, the density and the size 
distribution of Pt particles had not changed significantly and the average particle 
height remained within the range of 0.2-0.3 nm. A small part of larger particles 
was observed along the step edges of the substrate. After longer annealing, the 
density of the particles on substrate’s surface free of steps decreased, and the 
average particle height increased to 0.5-0.6 nm [Fig. 4.11 (B)]. On some locations 
of the surface irregularly shaped agglomerates were observed consisting of several 





































Figure 4.10: (A) STM-image (70 × 70 nm2) of 0.3 ML of Pt on HOPG and corresponding 













































Figure 4.11: (A) STM-image (70 × 70 nm2) of a Pt/HOPG sample with 0.3 ML Pt after 
annealing in UHV for 7 h at 500 °C. (B) Height distribution histogram of Pt particles on the 
same sample measured from multiple STM images taken on different sample locations. 




4.3.2 Annealing in oxygen  
 
In the next set of experiments 0.2 ML of Pt was deposited on HOPG and 
subsequently heated in oxygen p(O2)=210–5 mbar at 500 °C for 1 h. Figure 4.12 
(A) shows the sample surface before annealing in oxygen and Fig. 4.12 (B) 
illustrates the height distribution of the Pt particles.  
After deposition, the Pt particles displayed the same trend in height 
distribution and morphology as was discussed before for the sample shown in Fig. 
4.10. Annealing in O2 resulted in a decrease of particle density on the substrate 
terraces and an increase of the apparent average particle height to 0.5 nm [Fig. 
4.13 (B)]. After additional annealing under the same conditions for 3 h (4 h total) 
the apparent average height of the Pt particles slightly increased to 0.6 nm, as can 


























Figure 4.12: (A) STM-image (70 × 70 nm2) of a Pt/HOPG sample with 0.2 ML Pt. (B) 






































Figure 4.13: (A) STM-image (70 × 70 nm2) of a Pt/HOPG sample with 0.2 ML Pt after 
annealing in O2 for 1 h at 500°C. (B) Height distribution histogram of Pt particles on the 
same sample measured from multiple STM images taken on different sample locations. 







































Figure 4.14: (A) STM-image (150 × 150 nm2) of Pt/HOPG (0.2 ML Pt) after annealing in 
O2 for 4 h at 500°C. (B) Height distribution histogram of Pt particles on the same sample 
measured from multiple STM images taken in different sample locations. Particles within a 




4.3.3 Annealing in carbon monoxide 
 
This series of the experiments was performed using Pt (0.4ML)/HOPG. The STM 
images after Pt deposition along with the apparent height distribution of the 














Figure 4.15: (A) STM-image (70 × 70 
nm2) of a Pt/HOPG sample after 
deposition of 0.4 ML Pt, showing two 
steps with some clusters attached to them. 
Two steps are one atomic layer high. (B) 
Height distribution histogram of Pt 
particles on the same sample deduced 




After deposition the Pt particles show the same trend in morphology and 
height distribution as was discussed before. Annealing of this sample in CO (500 
°C for 1 h) resulted in the appearance of larger particles as seen in the STM image 
[Fig. 4.16 (A)] with an apparent average height ~ 0.8 nm. Further annealing of the 
sample for 2 h (3 h in total) resulted in particles that appear more round [Fig. 4.17 
(A)] and with a slightly smaller apparent average height of about 0.7 nm [Fig. 4.17 
(B)]. Major changes in particle size/shape were observed after an additional heat 
treatment for 4 h (7 h total). In the STM image shown in Fig. 4.18, the Pt particles 
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link with neighboring particles to agglomerates consisting of several round 
particles. An apparent average height of the agglomerates is ~ 1.4 nm. In addition, 
besides agglomerates of particles, many separate particles of comparable size are 
visible on the terraces. Strong decoration of steps with Pt particles with an 
apparent height in the range of 0.4-1.2 nm has also been observed on many 














Figure 4.16: (A) STM-image (100 × 100 
nm2) of a Pt/HOPG sample with 0.4 ML Pt 
after annealing in CO for 1 h at 500°C. (B) 
Height distribution histogram of Pt 
particles measured from multiple STM 
images taken on different sample 
locations. Particles within a range of 
heights ± 0.03 nm from the indicated 







































Figure 4.17: (A) STM-image (100 × 100 nm2) of a Pt/HOPG sample with 0.4 ML Pt after 
annealing in CO for 3 h at 500°C. (B) Height distribution histogram of Pt particles measured 
from multiple STM images taken in different sample locations. Particles within a range of 
heights ± 0.03 nm from the indicated values are grouped together. 
 
 
4.3.4 Annealing in hydrogen 
 
In the next set of experiments we started with a Pt/HOPG sample with 0.2 ML of 
Pt. The initial distribution of the Pt particles on this sample was similar to those of 
the earlier prepared Pt/HOPG samples described above. Figure 4.19 shows the 
STM image and height distribution histogram after annealing the sample in an H2 
atmosphere at 500 C for 1 h. As a result of the treatment, the apparent particle 
mean height has increased to 0.4-0.6 nm. Compared to the annealing experiment 



















Figure 4.18: (A) STM- image (70 × 70 nm2) of a Pt/HOPG sample with 0.4 ML Pt after 
annealing in CO for 7 h at 500°C. (B) Height dist ution histogram of Pt parti les measured 
 
of the su p(H2) = 2×10–5 mbar 
d to the formation of clusters with an apparent average height of 0.6-0.8 nm [Fig. 
rib c
from multiple STM images taken in different sample locations. Particles within a range of 
diameters ± 0.03 nm from the indicated values are grouped together. 
bstrate. Annealing this sample for 9 h at 500 °C and 
le
4.20 (B)]. An interesting fact is that after the last annealing in H2 many small 
clusters with a height of ~ 0.2-0.3 nm coexist on the surface with much broader 
and higher clusters. Since many STM pictures of this series of experiments were 
noisy it was not possible to count exactly the number of smaller particles. Hence, 
they were not included in the presented histograms. At the same time larger 
particles exhibited two maxima in the size distribution histogram, as seen in Fig. 


















Figure 4.19: (A) STM- image (150 × 150 nm2) of a Pt/HOPG sample with 0  ML Pt after 
annealing in H2 for1 h at 500°C. (B) Height distribution histogram of Pt particles measured 
 
Wolf [ small irregularly 
aped particles after treatment of the Pt/HOPG sample in hydrogen, however, at 
various heat treatments under 
differe
.2
from multiple STM images taken in different sample locations. Particles within a range of 
heights ± 0.03 nm from the indicated values are grouped together. 
14] also observed fragmentation of Pt crystallites into 
sh
much higher temperature and hydrogen pressure.  
In Fig. 4.21 and Table 4.1 a comparison is presented of the apparent average 
heights of Pt particles on a HOPG surface after 
nt conditions. It is seen that sintering occurs under all conditions studied, 




























Figure 4.20: (A) STM-image (70 × 70 nm2) of a Pt/HOPG sample with 0.2 ML Pt after 
annealing in H2 for 9 h at 500°C. (B) Height dist ution histogram of Pt partic s measured rib le
from multiple STM images taken in different sample locations. Particles within a range of 






Figure 4. 21: Plot of the apparent average platinum particle height as a function of 
annealing time under different conditions [Annealing temperature of 500 °C. Partial 
Table 4.1: Apparent mean height of Pt particles on HOPG observed after different 
treatm 500 °C. The partial pressure of a gas during annealing was kept at 
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es in the surface energy between HOPG (0.07 J/m2) [122] and 
platinum (2.30 J/m2) for Pt(111) [123] and the lattice mismatch, platinum deposits 
magic number” clusters are observed. This 
assum
Due to differenc
on HOPG are expected to grow according to the Volmer-Weber mode, which 
implies that the forces between  the  metal  atoms  are  dominating (see § 3.1). 
This means that during Pt deposition three-dimensional metal clusters promptly 
form even when the total amount of deposited metal is less than one atomic layer. 
In the present study upon deposition irregularly shaped 2-D/3-D platinum 
particles and randomly distributed over the substrate were registered. The 
apparent average height of the particles was about 0.3 nm. This implies that the 
growth mode in the range of Pt coverages used in the study may indeed follows 
the VW growth mode that is also in accordance with MD simulations [124, 125]. 
This also testifies that the “up-step” diffusion barrier for Pt on Pt is low enough to 
overcome at room temperature. The propensity of Pt to decorate the step edges 
just after deposition was not very much manifested and only a small fraction of the 
particles was registered there. Probably, just after the start of deposition the steps 
are not sufficiently effective as sinks, and the aggregates on atomically smooth 
surface areas are viable in the competition for the building material. But 
nevertheless these results indicate that the diffusion barrier for the individual Pt 
atom on the flat HOPG surface is low enough to allow the atoms to be mobile. 
Platinum particles of a similar morphology were also imaged by using STM in [16]. 
However, in contrast to this work we have not detected single Pt atoms, Pt dimers 
and Pt trimers on the HOPG samples. 
The quantized height of Pt particles found at step edges in our study 
suggests the idea that here probably “
ption is based on the following considerations. Using the model described in 
§ 3.3, the hard-sphere radius of a free-standing n-atom cluster can be calculated. 
Assuming a hemispherical shape of a cluster its height above the support equals its 
radius. Then the radii of several Pt “magic number” clusters are as follows: Pt13 (3.6 
Å), Pt55 (5.8 Å), Pt147 (8.1 Å), Pt309 (10.3 Å), Pt561 (12.6 Å), and for the minimal 3-D 
cluster Pt4 (2.4 Å). As one can see the cluster’s radius increases stepwise of 2.2-2.3 
Å going from 13 to 561 “magic number” cluster. Though the height difference 
between the Pt clusters at the HOPG step edges are found to be smaller (about 1 
Å) (see Fig. 4.7 and Fig. 4.8), from those calculated for free “magic clusters”, these 
results as well can reflect the possibility of the formation of “magic clusters”. This 
assertion is based on the fact that the support can influence the arrangements of 
atoms within “magic clusters” and their electronic and structural properties are 
expected to change in comparison with equivalent free clusters. For example, by 
total energy calculations for Ag clusters supported on a Ag(001) substrate [126] it 
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has been shown that the relative stability of supported clusters is governed by the 
underlying geometry of the substrate leading to completely different “magic 
numbers” in 2-D systems. Tetramer and hexagonal heptamer are the first two 
“magic numbers” in such systems. For instance, the formation of stable Pt clusters 
(heptamers) was suggested by Rosenfeld et al. [127] on Pt(111) surface at coverages 
below 0.1 ML at temperatures above 500 K, which appeared to be stable with 
respect both decomposition and to further growth. Recently performed MD 
simulations [128] also established the existence of well-defined “magic numbers”, 
different from those characteristic for free particles due to particular features of 
interaction at the metal/oxide interface. The formation of “magic clusters” which 
are stable at certain sizes on a particular surface is reviewed in [129]. Recently it 
was possible to observe some of such “magic clusters” by STM [130-132].  
It should be noted that the physico-chemical properties of a cluster are 




le, stable Ga trimers and heptamers on the GaAs(001) surface were found in 
[130]. The clusters might be attracted by step edges. These clusters possessing 9 
and 21 electrons in molecular orbital states are close to the values (8 and 20, 
respectively) needed to form a closed electronic shell. Interestingly that because of 
its stability some of these heptamers were found to move along the missing dimer 
row of the surface preserving their shape. This important property of “magic 
number” clusters to act as a fundamental unit in mass transport phenomena was 
also registered in [131]. It is believed that the described behavior of the clusters 
can also take place in the Pt/HOPG system. At steps Pt clusters with certain 
discrete dimensions are more often observed than on the terraces of HOPG.  
As well, due to the fact that in metal particles of a few nanometers in 
diameter, bulk descriptions of the electronic structure are no longer valid
ssively smaller metal particles exhibit a size-induced metal-to-insulator 
transition: below a certain threshold diameter they are no longer metallic [133-
135]. Experimentally, non-metallic properties of Pd, Ag, Cd and Au nanoparticles 
of 1 nm diameter on a graphite substrate were established by Vinod et al. [44]. An 
energy gap reaching values up to 70 meV at small cluster sizes was registered in 
that study. Scanning tunneling spectra revealed that Pt nanoparticles supported on 
a TiO2 (110) surface [136] below 20 Å in diameter exhibit nonmetallic behavior, 
while those above 40 Å metallic. The above findings are in line with the study of 
Bettac et al. [137] for Pt clusters on HOPG. Scanning tunneling spectroscopy in 
UHV at liquid helium temperatures performed in that work registered distinct 
peaks in the conductivity of this cluster-on-surface system. For negative voltages, 
the peak separations scaled with the inverse particle height. More recent studies 
[138] on size-selected Pt cluster ions deposited on a graphite surface also 
corroborate these data. Moreover, indications have been found that the electronic 
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structure of the clusters depends both on size and the geometric structure and/or 
interaction with the surface.  
Apart from the effects described above, the real nanocluster dimensions can 
be obscured by tip effects. 
Diffusion processes of a material on a support are among the primary 
factors influencing the structure of deposits. To the author’s knowledge there is no 
experi
ith the HOPG surface is weak. For 
instan
mental data available on the diffusion coefficient for Pt atoms or clusters on 
HOPG. According to MD simulations performed for Pt clusters on a graphite 
surface [139] at room temperature clusters with less than 40 atoms are very mobile 
with a two-dimensional diffusion coefficient higher than 10-11 m2/s, but decreasing 
rapidly with size. The diffusion coefficient of larger clusters was found to be 
variably size-dependent with local minima for cluster sizes of 50 and 300 Pt atoms 
and a local maximum for a cluster size of 100 atoms. In addition, the mismatch 
between the bottom layer of Pt and graphite also affects the overall Pt-graphite 
affinity and, hence, the cluster mobility. It was found that the presence of a 
nearby Pt cluster can greatly affect the mobility. The aggregation of two 50-atom 
clusters to form a single cluster was observed with the simulation. These relatively 
stable new clusters resembled previous experimentally observed network of 
connected Pt nanoparticles on graphite. By MD simulations [140] it was also found 
that the average atomic diffusion coefficient for the single Pt cubic and spherical 
clusters at about 500 °C is 2×10-9 and 4×10-9 m2/s, respectively. In addition, it was 
established that the solid-liquid transition for a 256-atom Pt cluster of cubic shape 
and for a ball shaped cluster of 260 Pt atoms, deposited on a graphite substrate 
takes place at 727 and 747 °C, respectively. 
Recent quantum-mechanical calculations also show that the interaction of 
Pt atoms and clusters of different size w
ce, according to DTF calculations performed by Okazaki-Maeda et al. [141] 
the interaction between graphene and Pt decreases in the order of a single Pt 
atom, a Pt cluster (Pt10), and a Pt(111) monolayer. The adhesive energy between 
graphene and the Pt(111)-monolayer is 0.09 eV/atom. This implies very weak 
interaction between these structures. For a Pt atom it was found that the Pt-C 
bond length is 2.31 Å and the adsorption energy is 2.82 eV/adatom. The distance 
between graphene and the bottom layer of the Pt10 cluster is about 2.7 Å. These 
results imply stronger interaction between this cluster and graphene than the Pt-
monolayer/graphene interaction. Further DFT study [142] also revealed that the 
interfacial interaction between Ptn and a non-defected graphene sheet becomes 
weaker with the number of Pt atoms in clusters: 2.17 eV/atom for Pt1, 0.63 
eV/atom for Pt2 and 0.15 eV/atom for triangular Pt3. The tetrahedral Pt4 cluster 
was found to interact more strongly with the support in comparison with the 
triangular Pt3 cluster. The adsorption energy for a Pt atom on the vacant site of a 
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graphene sheet is 8 eV/adatom. This energy is stronger than the formation energy 
of a Pt-Pt bond (~ 2 eV/bond) for small clusters. It was also established that a Pt 
atom is stably adsorbed on the bridge site between two carbon atoms with 
adsorption energy of about 2 eV.  
As registered in this study annealing in the presence of the gases results in a 
faster formation of larger (higher) clusters. This implies that the gaseous 
environment influences the growth process. The thermodynamic contribution of 
the gas phase can be included in the energetic through the chemical potential: 
),ln()( 00, ppRTnG Tp
g     
where gG is the Gibbs free energy of the gas, n the number of the moles of gas, 0  
a refe  potential, R the gas constant, T the temperature,rence  p the pressure a
ma c
nt
where  is the Gibbs free energy of the surface, and  is the number of 
adsorbed molecules of species  In addition, impinging cules from the gas 
od  s
verage on all of the facets of Pt 
particl
nd 
0p the standard state pressure. When the pressure is increased over 5 orders of 
gnitude from 10-10 mbar to 10-5 mbar the chemical potential is in reased by an 
amou  of 5RT=12 kJ/mol or ~ 0.12 eV per at room temperature and 31 kJ/mol or 
~ 0.32 eV at 500 °C per gas molecule. Thus, the chemical potential of the gas phase 
can appreciably contribute to the surface free energy γ of the surface layer 
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phase m ify continuously the local energy balance in the ystem. Also, as was 
mentioned in § 4.2.2 the adsorption of, e.g., oxygen induces structural distortion 
in the clusters. This property has been coined “structural dynamical fluctionality” 
and it is unique to clusters in the nanometer size range [143]. In view of the weak 
interaction between Pt clusters and a HOPG surface, discussed above, it may be 
supposed that the redistribution of charge upon gas adsorption will influence 
cluster mobilities on the support and thus the growth processes. The same 
processes may lead also to the weakening of the bond between the atom 
interacting with an adsorbate and neighboring atoms. In the following some 
assumptions regarding these issues are discussed. 
In earlier work by Shi and Masel [144] for Pt particles in a H2 atmosphere, 
it was calculated that at 900 K the hydrogen co
es should be negligible at pressures below 5×10-4 Torr. But at higher 
pressures various facets are filled with hydrogen, first the (100) and last the (111) 
facets. Also on the experimental side, e.g., by hydrogen TPD studies [145] from Pt 
clusters (consisted on average of 6-12 atoms) supported on a series of zeolites, SiO2 
and γ -Al2O3, reversible desorption of chemisorbed hydrogen at about 175 °C has 
been registered. Besides chemisorbed hydrogen, at least three peaks at ca. 250, 400 
and 600 °C, irreversibly desorbed hydrogen, were observed and assigned to 
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spillover hydrogen. These data point out that under the annealing conditions 
applied in this study almost no hydrogen should be adsorbed on the Pt particles. 
In this case mainly temperature governs the clusters and then the transport of the 
material on the HOPG surface apparently can occur by means of the movement of 
individual Pt clusters, i.e. coalescence. This mechanism of the cluster growth 
seems to be preferred because the enthalpy of vaporization of Pt (ΔH0f, 298.15) is 
about 565 kJ/mol [146] and its vapor pressure at 527 °C is 9.77×10-30 bar [147] and 
the energy required to transfer Pt atoms from a particle to the substrate is about 
527 kJ/mol [146]. This implies that intercluster transport by free Pt atoms will be 
very low at the temperatures used in the present study (500 °C). At the same time 
the cohesive energy is found proportional to the cluster size to the -1/3 power. 
Thus, for small Pt clusters it is considerably lower than that of bulk Pt, for 
example, for the cluster with 10 atoms it is ca. 337 kJ/mol [148]. Hence, probably 
if tiny clusters initially are available in the system, Ostwald ripening may take 
place. However, it should be noted that the samples were cooled in the presence of 
H2, CO or O2 and under these conditions H, CO or O may adsorb on platinum. In 
addition as it was noted in § 4.2.2, very small clusters have different adsorption 
characteristics than larger ones. On the basis of the recent DFT studies [109] one 
can assume that sub-nanometer Pt clusters consisting of up to 10 Pt atoms can 
dissociatively adsorb a rather large quantity of hydrogen. This in turn may have a 
significant impact on their interaction with the HOPG surface. Also, during 
heating and cooling in a H2 atmosphere, the surface is covered by hydrogen and 
this may affect the surface/cluster chemistry/physics. This can result in an increase 
of the mobility of the Pt clusters on the surface and they may grow due to 
coalescence. 
After annealing the Pt (0.2 ML)/HOPG sample in H2 for 1 h, a rather 
narrow size distribution of Pt particles centered at 0.5 nm is observed (Fig. 4.19). 
Curiously, after much longer annealing time (9 h), as seen in Fig. 4.20 there are 
two peaks centered at about 0.5 and 0.8 nm. This may indicate a bimodal 
distribution of the Pt particle size. A bimodal size distribution of clusters was 
registered by Lai et al. [149] for the Ag/TiO2(110) system after exposure to 10 Torr 
O2 at ambient temperature. This was attributed to Ostwald ripening, since there 
were two distinct average Ag cluster sizes. Hence, the Pt particle size distribution 
after annealing in H2 found in this study may also indicate that cluster growth 
under H2 atmosphere takes place via Ostwald ripening. However, at present the 
shortage of available data does not allow to make a statistically unambiguous 
assertion regarding this issue. As was noted above, after longer annealing in H2, 
much smaller particles were registered in addition to large particles. This again 
may point to Ostwald ripening or to redispersion of Pt clusters in the presence of 
H2.  A more detailed study is necessary to clarify the origin of this phenomenon. 
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The Pt (0.3 ML)/HOPG sample after annealing in UHV for 7 h (Fig. 4.11) 
showed a narrow size distribution of Pt particles centered at 0.6 nm, with a minor 
amoun
ide atmosphere should be negligible at 900 K at pressures below 
1×10-5
f oxygen interaction with tiny Pt 
cluster
t of larger clusters (0.8-1.3 nm). The same trend in size distribution is 
observed after heating the Pt (0.2 ML)/HOPG sample in O2 for 4 h at 500 °C, as 
seen in Fig. 4.14. After annealing the Pt (0.4 ML)/HOPG sample in CO the size 
distribution of the Pt particles on this sample becomes more symmetric, but a 
small amount of higher particles is present in all histograms (Fig. 4.16 - Fig. 4.17). 
The average height of the Pt particles increases with time in both CO and O2 
atmospheres.  
According to [144], the CO coverage on all the facets of Pt particles in a 
carbon monox
 Torr. In view of these data the amount of adsorbed CO on the surface of Pt 
particles is very small under the experimental conditions used in the present 
study. But as noted in § 4.2.2, the chemistry of CO adsorption and desorption is 
size-dependent and on tiny Pt clusters CO may adsorb more strongly than on large 
ones. For example, Altman and Gorte [150] have found that CO desorbs from 
supported Pt particles (1.1 nm) on Al2O3 in a single peak at 510 K. For larger 
particles, there was the second desorption peak at 400 K. Again, similar as for H2 
during heating and cooling in a CO atmosphere, the surface is covered by CO and 
this may affect the surface/cluster chemistry/physics. It is worth noting that in an 
atmosphere of CO under certain conditions Pt nanoparticles can undergo CO-
assisted Ostwald ripening in which the mass transport proceeds via surface 
carbonyl intermediates. To this possibility pointed out Berkó et al. [151] in the 
study of Pt/TiO2(110)-(1×n) system under 10−3-10 mbar of CO by STM. It was 
detected that CO adsorption induced a significant increase in the initial size of the 
Pt particles and led to the disruption of the smaller Pt clusters at lower CO 
pressures. Indication of the disruption of Pt crystallites was also observed by Raskó 
[90], who studied CO adsorption (0.01-10 Torr, 300 K) on supported Pt catalysts 
with diffuse reflectance infrared spectroscopy. 
Similar to CO, theoretical calculations already mentioned in § 4.2.2 [103] 
predict a significant increase of the strength o
s. In turn, the experimental studies also registered this phenomenon [152-
154]. Putna et al. [152] by TPD have found that O2 desorbs from Pt particles (8.3 
nm) supported on α-Al2O3(0001) in the peak centered at 800 K, whereas from 
smaller particles (2 nm) the desorption peak was centered at about 950 K, despite a 
much higher saturation oxygen coverage on these particles. As well, TPD studies 
[154] revealed oxygen desorption peaks at 645, 719 and 755 K from the Pt (1 wt. 
%)/SiO2 system (Pt dispersion of 97 %). This may suggest that at least a small part 
of Pt clusters may be oxidized under the conditions applied in the present study. 
According to phase diagram for bulk platinum oxides calculated recently by 
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Seriani [155] employing DFT, α-PtO2 is the thermodynamically stable bulk phase 
at low temperatures and low oxygen pressures. Bulk Pt3O4 is found to be 
thermodynamically stable in a region between 870 K and 974 K at atmospheric 
pressure. PtO exists only as a metastable phase. Considering the oxidation of Pt 
clusters the author found that as the diameter of the cluster diminishes, the region 
of stability of α-PtO2 expands to higher temperatures. For clusters smaller than 5 
nm, the Pt3O4 phase is stable only at temperatures higher than about 1050 K. 
Interesting fact is that similar to HOPG in α-PtO2 layers are held together only by 
weak van der Waals forces in the (0001) direction [155]. The surface free energy of 
α-PtO2(0001) is only 2 meV/Å2, so that an α-PtO2 cluster is expected to be 
composed of an isolated O-Pt-O trilayer. Based on these findings as well as on 
arly work by Wynblatt [156] and more recent by Rickard et al. [157], I assume 
that the growth of Pt particles in Pt/HOPG system could occur due to intercluster 
transport of α-PtO2. Therefore, the process of Ostwald ripening may become 
possible. In addition, during heating and cooling in an O2 atmosphere, the surface 
may adsorb oxygen and this may affect the surface/cluster chemistry/physics. 
It has been suggested that the evolution of the particle shape distribution 
can give insight into the mechanism of the particle growth [158, 159]. 
e
For 
instance, the size distribution has been shown to tail toward large sizes if 
coalescence of particles takes place [159, 160]. In the study of the scaling solution 
to a cluster coalescence model [161], which adopted the mean field approximation 
used by Smoluchowski [162] and considered the case when mass transport in the 
system proceeds by faster diffusion of the atoms on the terraces compared with the 
exchange of atoms between clusters and nearby terraces, it was established the 
scaled island size distributions are right-skewed and the scaling function is not 
sensitive to the initial cluster size distribution. In addition, it was found that the 
most probable cluster size as well as the width of the distribution increase with 
time. Instead, the kinetics of Ostwald ripening results in a stationary (self-similar) 
particle size distribution which exhibits an almost symmetric shape, but tails to 
small sizes (smaller particles are continually generated as sintering proceeds) [161, 
163]. The inverse power-order in mean particle diameter increases linearly with 
time according to this growth law. This model also predicts that there should be a 
cut off in the size distribution at a diameter < twice the mean diameter [163]. 
Taking into account these notions, the registered shape of the histograms after 
annealing the Pt/HOPG samples in UHV, O2 and CO indicate that the Pt particles 
may grow here due to coalescence of smaller Pt particles.  Also clear upper bound 
(2 times the mean diameter) on the particle sizes in the annealed samples as 
predicted by Ostwald ripening mechanism was not observed in this study. At the 
same time a shortage of the experimental data does not allow making a definitive 
conclusion about the particles growth mechanism. The tip-induced relocation of 
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the clusters observed in some cases in the present work as well as by other 
workers demonstrates that the interaction of Pt with HOPG is weak and, thus, the 
coalescence mechanism of sintering should dominate in this system. This is 
further supported by the observed morphology of the cluster agglomerates. Some 
clusters have been observed with a clear boundary in-between, indicating that 
entire Pt particles moved till collision with other particles. Such cluster 
morphology is not expected for systems where particle growth proceeds through 
Ostwald ripening. This particular Pt cluster behavior is observed following 
annealing the Pt/HOPG samples in CO for a longer time. In this context it is 
worth mentioning that Ag and Au clusters [33]  were found to be weakly bound to 
and incommensurate with the HOPG substrate and according to the study by 
Ganz et al. [4] Ag clusters can diffuse over the surface at room temperature and 
coalesce forming small stable groups. However, it cannot be excluded that in the 
Pt/HOPG system, Ostwald ripening can also occur to some extend. As noted in 
[159] the absence of small particles in the system, and a skew to the large sizes in 
the particle distribution histogram does not immediately imply that Ostwald 
ripening does not take place, since it is possible that due to very high mobility 
small clusters disappear more quickly than they can be registered. In addition, 
according to new sintering mechanism models [164, 165] coalescence as well as 
Ostwald ripening processes can be described by size right-skewed distributions. 
Thus, at present the issue of a relationship between particles size distributions and 
sintering mechanisms is under debate. Taking into account all the above works 
one can assert that the details of the growth of Pt particles on a HOPG surface 
deserve further studies.  
In connection with the mechanisms of Pt particles sintering I would like to 
mention very interesting results obtained by MD simulations revealing a novel 
surface diffusion phenomenon for large Au clusters on a graphite surface [166]. 
The authors predicted that large (hundreds of atoms) 3-D gold clusters adsorbed 
on graphite may undergo an anomalous diffusive motion with surprisingly high 
rates, occurring through a collective slip-diffusion mechanism, i.e. the alternation 
between local oscillatory “sticking” states and free diffusive motion, involving 
sliding trajectories. For a Au140 cluster with fcc structure and a truncated-
octahedral morphology adsorbed on the basal plane of graphite the significant slip 
could be initiated at about 500 K. Below this temperature the clusters display some 
slip but less frequently. It was suggested that the high mobility of the cluster on 
the surface originates from its interfacial incommensurability and on the coupling 
strength between the adsorbate and the surface. Extending the research further 
the diffusion characteristics of gold clusters (consisting of 38, 79, 140, or 586 
atoms) on graphite was studied near a one-layer high step edge [167]. It was found 
that at low temperatures the cluster is trapped to a region of the lower terrace 
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diffusing along the step edge. At higher temperature it may escape from the step-
edge region and diffuse on various regions of the bottom terrace. As the 
temperature increases, the escape probability increases. For the larger clusters, 
higher temperatures are required to obtain comparable escape probabilities.  
Besides the growth modes and sintering mechanisms, the shape and 
structure of supported metal particles is a quite important issue for understanding 
of sup
and atomic resolution of the particles surface was not 
achiev
ed by a wide range of 
metho
 
ported metal catalysts. It is well-known that the morphology of small metal 
particles can change in the presence of a gas atmosphere [146, 168, 169]. In an 
early study by Lee et al. [168] it was found that clean micrometer-sized Pt 
particles (>1 μm) have a spherical shape with distinct (100) and (111) facets upon 
long annealing (24 h and more) at 1200 °C in 10-7 Torr oxygen. The particles did 
not show a cubo-octahedral shape with sharp edges as predicted by the Wulff 
construction. Instead, carbon contaminated Pt particles had a cubo-octahedral 
shape with large (111), (100) and (110) facets and curved boundaries. Calculations 
concerning the influence of H2 and CO on the ECS of supported Pt particles [144] 
suggest that the coverage of 10 % of a monolayer may affect the particle shape. 
The equilibrium shape of the particles was not affected by nitrogen, which does 
not adsorb on platinum. 
In our study platinum particles were of a much smaller size than in the 
above mentioned work 
ed. Tip convolution effects make it difficult to determine the precise 3-D 
morphology of the particles and it was only possible to observe some changes in 
their global shape. For instance, after annealing in oxygen for 4 h (Fig. 4.13) the Pt 
particles appear to be elongated. After annealing in CO for 1 h the shape of the 
particles was more spherical (see Fig. 4.15) and longer annealing produced round 
particles distributed over the terraces and along the step edges (see Fig. 4.17). The 
presence of H2 during annealing also resulted in the formation of larger particles of 
globular shape. Larger particles annealed in UHV were of similar shape. The 
smaller particles, however, showed an irregular perimeter.  
In conclusion it is worth noting, that numerous studies dealt with the 
morphology of platinum deposits on a HOPG surface prepar
ds. However, the behavior of platinum deposits on a HOPG surface in a 
mixture of gases - an issue of paramount importance to catalysis, attracted much 
less attention. In this context it is suggested to investigate in detail the influence of 
reaction mixtures of different gases, for instance CO+O2, on the morphology of Pt 
particles. Such studies can give insight into the interplay between particular size, 
structure of Pt particles and their catalytic performance. The first theoretical as 
well as experimental studies in this direction are already available and are very 





The re ults of Pt vapor deposition on the HOPG(0001) surface and subsequent 
 O2, CO and H2 are summarized as follows: 
 
 2-D/3-D particles 
ith an average height of 0.2-0.3 nm. A small part of the particles decorates the 
or 0.2 ML Pt increased to 0.5 nm and after additional 
anneal g for 3 h to 0.6 nm.  
 for 1 h, the apparent average particle height of 0.7-
0.9 nm was observed. After annealing for an additional 6 h under identical 
g
the apparent average particle height was centered at ca. 0.5 nm. 
Prolon ed annealing for 9 h (total) resulted in an increase of the average particle 
y occur by 
coalescence.    
s
annealing in UHV,
1. Platinum deposited on the HOPG(0001) surface in the coverage range of 0.2-0.4 
ML initially forms randomly distributed and irregularly shaped
w
step edges of the substrate. Annealing the Pt (0.3 ML)/HOPG system in UHV (7 h 
total) results in the formation of a very narrow Pt particle size distribution 
centered at 0.5-0.6 nm.  
 
2. After annealing in oxygen, p(O2)=2×10–5 mbar for 1 h at 500 °C, the average 
height of the particles f
in
 
3. After annealing the Pt(0.4 ML)/HOPG sample in the presence of CO, 
p(CO)=2×10–5 mbar at 500 °C
conditions, the average size of the particles increased to 1.3-1.5 nm. Particles of a 
lobular morphology were found to assemble into aggregates consisting of several 
separate particles. Very strong decoration of step edges with spherical particles 
was found. 
 
4. After annealing the sample with 0.2 ML of Pt in H2, p(H2)= 2×10–5 mbar at 500 
°C for 1 h 
g
height to 0.8 nm. The histograms of particles height distributions exhibited two 
peaks in the range of ca. 0.5-1.0 nm. In addition to these particles, smaller 
particles with an apparent height of 0.2-0.3 nm have been registered. 
 
5. The annealing experiments in UHV and gaseous environment (O2, CO and H2) 
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Manganese oxide surfaces starting from a MnO(100) single-crystal 
surface 
 
This chapter describes atomic force microscopy imaging of the topography of a 
MnO(100) single-crystal surface after annealing under reducing/inert (ultra-high 
vacuum, Ar) and oxidizing (O2) conditions. Several MnO(100) samples were also 
annealed at an atmospheric pressure of Ar (at 1000 and 1100°C) and O2 (700 °C) in 
a rapid thermal annealing furnace. Thermal annealing treatments of a MnO(100) 
surface resulted in the development of several distinct surface structures. The 
influence of the annealing conditions on the behavior of the surface structures was 
studied. Taking into account the literature data and the MnxOy phase diagram the 
formation, morphology and the phase composition of the observed surface 
structures are discussed. 
 
 
5.1 Introduction and literature review: manganese oxides and their 
surfaces 
 
This section presents basic data on manganese oxides and some of their surfaces.  
Due to the variable valence of manganese cations the chemistry of its 
compounds is very rich. This holds true for manganese oxides as well. There are 
several stable manganese oxides that also occur as minerals. MnO occurs in nature 
as a green-colored mineral manganosite and has a so-called rocksalt structure 
which can be considered as the insertion of two fcc lattices, which are build up of 
Mn2+ and O2- ions [Fig 5.1 (A)]. Other common manganese oxides having 
manganese in higher oxidation state are: Mn3O4, Mn2O3 and MnO2. The first one 
known as the mineral hausmannite at ambient temperature has a distorted spinel 
structure and can be represented by the formula Mn2+[Mn23+]O42- [1]. Two 
polymorphs of this oxide exist, named α and β. Also, there are two polymorphs of 
Mn2O3 known as minerals α-kurnakite and β-kurnakite/bixbyite, respectively [2]. 
The most stable and common among manganese dioxides in nature - the mineral 
pyrolusite (β-MnO2) has a simple tetragonal rutile (TiO2) structure [1, 3]. This 
oxide has a variety of polymorphs [1-3]. Hence, it can be anticipated that the 
surfaces of manganese oxides having exposed metal atoms are particularly prone to 
change their oxidation state at proper conditions, consequently surface structures 
evolving due to these processes may be quite complex. To begin tackling this issue 
it is useful to know the routes of the manganese oxides transformation under 
different conditions. This subject has been discussed in many papers [4-17] and 
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except for some metastable phases, the main transformation routes and their 
thermodynamics are quite well understood and documented [4, 8, 11]. In Fig. 5.1 
the unit cell dimensions and the lattice parameters are listed while in Fig. 5.2 a 
summary of the literature data on the transformations of stable Mn oxides is 
presented. 
The identification and research of various Mn oxides are hampered by 
severe difficulties: many specimens are found as brittle, poorly crystallized 
materials and are often mixtures of several oxides [18, 19]. Because of these 
reasons many questions still remain on the structure of some naturally occurring 
Mn oxide mineral specimens, especially on some polymorphic and metastable 
whose stability regions are not clearly established [17-19].  At the same time their 
synthetic counterparts are mostly very difficult to grow as single-crystals. Some 
Mn oxide phases are also difficult to analyze using conventional analytical 
techniques and equipment. Due to these complications the growth dynamics and 
























Figure 5.1: (A) Rocksalt structure of MnO. The gray spheres represent O2- and the white 
spheres represent Mn2+ (B) Schematic illustration of the unit cell dimensions of stable 



























Figure 5.2: Schematic illustration of the transformations of manganese oxides under 
different conditions according to literature data [4-6, 17-19, 20-23]. 
 
In early studies some mineral Mn oxide specimens have been analyzed [24-
27] and morphological analysis of some powdered manganese oxides obtained 
from different precursors has been accomplished [28-30]. According to [28] a 
Mn3O4 phase, prepared using different precursors had a very broad particle size 
distribution ranging from several to 100 nm, some cubic particles were observed, 
but many particles did not exhibit a well-defined shape. Mn3O4 particles prepared 
from MnO2 had a tetragonally distorted cubic shape with a size of about 25 to 40 
nm. Recently, several studies on the preparation of MnO, Mn2O3 and Mn3O4 
phases of nanosize dimensions were performed [31-36]. Generally, depending on 
the precursor a variety of nanostructures were registered ranging from 
polyhedrons and globular structures to nanorod structures. Ahmad et al. [31] via 
manganese oxalate precursor under specific reaction conditions synthesized cubic 
nanoparticles of MnO (28 nm) and α-Mn2O3 (50 nm). 
In the present research as a starting point for the investigations of the 
surface structure of manganese oxides, the thermodynamically stable MnO(100) 
surface [37] was chosen. MnO is an antiferromagnetic wide band gap material that 
results from the localized band structure characteristic for the late cubic 3d 
transition metal (TM) monoxides [38, 39]. There is rather good agreement 
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between its energy gap of 3.6-3.8 eV determined experimentally [40] and 
theoretically by self-consistent Hartree energy band calculation [41]: 4.8 eV (in 
good agreement with optical absorption measurements), ab initio, self-interaction–
corrected, local-spin-density calculations [42]: 3.6-3.8 eV, as well as the most 
recent DFT calculations [43]: 4.02 eV. For the other manganese oxides: Mn3O4, 
Mn2O3, MnO2 there is a shortage of data regarding their band gaps. Recently, by 
DFT calculations [44] an attempt was made to determine the band gap of these 
oxides and a quite broad span of its value has been found: 0.0-4.1 eV and 0.0-2.4 
eV for α-Mn2O3 and Mn3O4, respectively. For β-MnO2 the authors calculated two 
values of the electronic gap: 0 and 1.5 eV.  
The electronic structure of TM oxides with a rocksalt structure (NiO, FeO, 
CoO, MnO) have been studied intensively, both theoretically [38-53] and 
experimentally [45, 54-65]. However, only recently it was possible to image some 
of their single-crystal surfaces with atomic resolution using STM at elevated 
temperatures [66-70] and AFM [71-75]. In recent years one observes steadily 
increasing interest concerning the preparation of the thin films of MnO as well as 
higher Mn-oxides. Up to present time they were grown on several metal and oxide 
substrates [76-91]. Some of these systems were analyzed using scanning probe 
microscopy [76-78, 83, 85, 86, 91]. However, the investigations of the MnO single-
crystal surfaces are scarce. The insulating nature of MnO greatly complicates its 
analysis by conventional surface science probes due to static charging of the 
samples. In addition, it is very sensitive to any kind of treatments that is 
commonly used for the preparation of surfaces. Of relevance to the present 
research is the work carried out by Langell et al. [45] using MnO(100) single-
crystals grown by the arc image method. Thus, it is practical to highlight its main 
results. According to the authors X-ray photoelectron (XP) spectra of the as-
prepared MnO(100) sample indicated a reasonably clean and stoichiometric 
surface while high resolution electron energy loss spectroscopy (HREEL) spectra 
pointed to a poor quality. Annealing of the sample in oxygen [p(O2)=5×10-7 Torr] at 
625 K gradually increased the oxygen content in the near surface region as 
registered by XPS. However, the change was slow and only after 30 min a slight 
decrease in the O 1s/Mn 2p ratio was detected. This was attributed to desorption 
of surface carbonates and to the surface reduction through reactions with carbon-
containing adsorbates. Longer annealing at the same conditions gradually 
increased the O/Mn ratio and after 2.5 h the ratio has increased by 1.5. The 2p 
satellite features characteristic of the MnO also gradually disappeared and the 2p 
binding energies have shifted to higher values. The authors attributed these results 
to the formation of the Mn2O3 phase. The HREEL spectrum, however, exhibited 
ill-defined features with energies of the peaks similar to those observed in the as-
introduced sample. The oxide continued to show an inferior (1×1) LEED pattern of 
the MnO(100) surface. No further changes were observed upon heating in UHV 
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for periods of 1 h until the temperature was increased to 775 K. At this point by 
HREELS indications of the formation of an oxide with well-defined order but with 
a symmetry lower than that expected for cubic MnO(100) have been found. On 
the basis of these results, XPS analysis of binding energies and the O/Mn intensity 
ratio of 1.3, the formation of the Mn3O4 phase was suggested. Continued annealing 
of this sample to higher temperature (1000 K) for 10 min resulted in the XP and 
HREEL spectra characteristic of the MnO(100) surface. However, the satellites 
below each of the two Mn 2p peaks characteristic of the Mn monoxide were less 
distinct as expected for stoichiometric MnO. The O/Mn intensity ratio was only 
about 80 % of that expected for MnO(100). The authors stated that the Mn2O3, 
Mn3O4 and MnO phases are in roughly epitaxial relation to the MnO(100) 
substrate and that it is difficult to isolate pure epitaxial layers of a certain oxide 
due to the ready formation and intermixture of the oxide specimens.  
Because of the above mentioned complications in the present study the 
characterization of the MnO(100) surface was performed by AFM. This technique 
is a powerful tool for the investigation of the surface structure of various materials 
[92-94].  
In this chapter the temperature-dependent evolution of the topography of a 
MnO(100) surface after thermal annealing treatments under reducing and 
oxidizing conditions is presented. Annealing in UHV conditions was performed in 





This section presents the results of AFM imaging of a MnO(100) single-
crystal after annealing in UHV, in the presence of oxygen at low as well as 
atmospheric pressure, and in an atmosphere of argon. Attempts to image the 
surface of an as-received MnO(100) single-crystal and the samples after any of the 
performed annealing experiments by STM at ambient temperature were not 
successful. The performed experiments revealed the formation of several types of 
surface structures on the MnO(100) surface after the temperature treatments.  
 
 
5.2.1 Thermal annealing treatment of the MnO(100) surface in UHV  
 
(A) Annealing in the UHV set-up 
 
The topography image of an as-received MnO(100) single-crystal is shown in Fig. 
5.3 (A). The surface shows polishing streaks some nanometers in depth. Apart 
from the artifacts caused by polishing, some of 2D and/or 3D particles of unknown 
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origin were also detected. Probably they are due to the nucleation of some new 
phase, e.g., manganese hydroxide(s)/oxyhydroxide(s). This effect is known for 
polished MgO single crystals exposed to the ambient water vapor [95]. Zooming 
in, however, revealed a rather rough surface, as shown in Fig. 5.3 (B). The root 
mean square roughness, Rrms, i.e. standard deviation of the height value, averaged 
for several images was 0.6 nm on a 1×1 μm2 scale. 
LEED analysis revealed somewhat diffuse spots of the (1×1) structure of the 
MnO(100) surface at a potential starting from 150 eV with progressively 
increasing brightness of the spots to 270 eV.  The LEED pattern of the MnO(100) 















Figure 5.3: AFM images (contact mode) of an as-received MnO(100) crystal. (A) (1500 × 
1500 nm2). The inset shows a (1 × 1) LEED pattern obtained for this sample at 270 eV. (B) 
(150 × 150 nm2). The black line indicates the position of the height profile shown below the 
images.  
 
Since there is no “recipe” for the preparation of a clean and smooth 
MnO(100) surface, several treatments have been tried. In the following the sets of 
performed experiments are presented. 
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An as-received MnO(100) single-crystal was subjected to various annealing 
cycles of about 30 minutes in UHV in the temperature range of 400-560 °C (total 
annealing time 2.5 h). It should be noted that after each temperature treatment 
AFM imaging registered some changes of the surface topography but not dramatic 
in comparison with the initial surface structure. The temperature of annealing was 
then increased to 580 °C. Imaging of the sample after annealing for 30 minutes at 
this temperature revealed that the surface morphology radically was changed into 
elongated straight structures, as shown in Fig. 5.4. Further in the text it will be 
termed as the rippled-like structure (RLS). It is seen from the AFM images that the 
structure is quite homogeneously distributed all over the surface. Its height, as can 
be seen from the cross-line section in Fig. 5.4 (C) is about 1-2 nm.  An interesting 
fact is that the RLSs in many sites of the surface are situated along two 
perpendicular directions to each other. Apparently, the structure follows the cubic 
symmetry of the underlying MnO(100) substrate and is aligned along the principal 
axes (001) and (010). However, because the contact mode of the AFM being not 
able to provide true atomic resolution of the substrate the exact orientation of the 

















Figure 5.4: AFM image of an as-received MnO(100) surface after 30 min annealing in 
UHV at 580 °C. Image size: (A) (300 × 300 nm2). (B) (100 × 100 nm2). (C) A cross-line 
section taken along the black line in (B). 
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occasionally be observed on the surface. Upon further annealing at higher 
temperature (650 °C) for 80 min the RLS appears to flatten out, preserving their 
elongated shape and perpendicular position to each other (Fig. 5.5). However, at 
the same time, some locations of the surface became less densely covered with the 
RLSs. The observed number of the pits is now larger as seen on the large scale 
image [Fig. 5.5 (A), encircled]. They range from 4 to 11 nm in depth with external 
sides 20-50 nm, with the majority having sides of 40 nm. The maximum 
dimension of the pits is ca. 50×50 nm. Their sidewalls are inclined by about 45° 
with respect to the pits’ bottom plane as deduced from the line profiles of the 
AFM images [see, e.g., Fig. 5.5 (D)]. Interestingly that not all sidewalls within the 
pits exhibit are “monolithic” but frequently are composed of several smaller steps, 
as seen in Fig. 5.5 (C, D). However their inclination and, consequently 
crystallographic orientation is difficult to determine from the line profiles. We 
suggest that the formation of the pits may be connected with the presence of some 
kind of defects in the near-surface region, e.g., dislocations, nanovoids that have 
been formed during the growth process of the crystal. Upon annealing the 
material diffused out from these areas that led to the formation of the pits. Some of 





















Figure 5.5: AFM image of the MnO(100) sample  after further annealing in UHV at 650 °C 
for 80 min (total time of the annealing 170 min). Image size: (A) 1.5 × 1.5 μm2. (B) The inset 
(300 × 145 nm2). (C) 150 × 150 nm2. (D) A cross-line section taken along the black line. 
 98
 
The rectangular shape of the pits presumably results from the surface energies of 
the sidewalls – apparently they are higher than the surface energy of the (100) 
face of MnO. This also may be the factor that limits the pits’ size. Subsequent 
annealing of the sample for 2 h in UHV at 645 °C caused the RLS to disappear 




Figure 5.6: AFM image (800 × 800 nm2) of the MnO(100) sample after annealing in UHV 
at 645 °C for 2  h. 
 
Quite unexpectedly further annealing of this sample at an increased temperature 
of 700 °C for 1.5 h resulted in the reappearance of a very distinct RLS [Fig. 5.7 (A)] 
which persisted even after an additional annealing cycle at 700 °C for 2.5 h [Fig. 
5.7 (B)]. At some surface locations the elongated structure exhibited a very regular 
pattern. The width of some of the elongated structures was exactly 10 and 20 nm. 
Yet another annealing cycle of the crystal at the same temperature for1 h caused 
the structure to flatten out (Fig. 5.8). Intrigued by such behavior of the surface it 
was interesting to explore if annealing of the same sample in oxygen could 
influence the surface morphology. Thus, the sample was subjected to annealing in 
oxygen [p(O2)=310-6 mbar] at 700 °C for 4 h. This caused further disintegration of 
the remnants of the RLS to even smaller elongated structures (Fig. 5.9).  
On the basis of this set of experiments it is concluded that the RLS appears 
after annealing of the MnO(100) sample for at least 30 min at 580 °C. It is stable to 
some extent but longer annealing at increasing temperature (above 645 °C) causes 
its deterioration. When the crystal was annealed in UHV at higher temperature 
(700 °C) and for 1.5 and 2.5 h the RLS appeared again. But shorter annealing (1 h) 
at 700 °C makes the structure flatter and wider. Subsequent annealing under a low 
pressure of oxygen at the same temperature but for a longer time (4 h) had a 





















Figure 5.7: AFM images of the MnO(100) sample  after annealing in UHV at 700 °C for 1.5 
h (A) (280 × 280 nm2) and (B) further annealing at 700 °C for 2.5 h (150 × 150 nm2). (C) and 











 Figure 5.8: AFM image (800 × 800 nm2) of the MnO(100) sample after 






Figure 5.9: AFM image (1000 × 1000 nm2) of the MnO(100) sample after annealing in 
oxygen p(O2)= 3 × 10-6 mbar at 700 °C for 4 h. 
 
smaller and flatter elongated islands. Based on these results we suppose that 
changes of the surface topography of the MnO samples: appearance of the RLS, its 
dissemblance and reappearance might result from oxygen loss in the near surface 
area during annealing as well as oxygen diffusion from the bulk to the surface.  
This model is substantiated by the fact that Mn-oxides can easily loose or 
incorporate lattice oxygen in response to a heat treatment. For example, as was 
found in [96], partial loss of lattice oxygen of MnO2 probably occurs already at 
550°C.  The metastable Mn5O8 phase loses oxygen above 550 °C to form α-Mn2O3 
[97, 98].  In addition, in the most recent papers [99, 100] it has been reported that 
the surface phase-transformation from α-Mn2O3 to Mn3O4-like specimens occurs 
only at or above 450 °C in the presence of pure He or in a mixture of O2 + CH4. It 
was supposed that this transformation is due to the loss of lattice oxygen at high 
temperatures that leads to the surface reconstruction. Interestingly, a reversible 
phase-transformation also was observed with decreasing the temperature to 25 °C. 
Probably, similar processes also can occur in the MnO single-crystal during 
annealing/cooling cycles. It is interesting to note that MnO is capable to take up 
oxygen to MnO1.13 without any change of lattice or development of a new phase 
[20]. The structural changes in the crystal may impact the processes of Mn/O 
diffusion. This in turn may influence the temperature of the surface structure 
transformations. Perhaps the heating/cooling time also influences the balance of 
Mn/O delivery to the surface, thus the surface structure. A preliminary model 
regarding the origin of the formation, morphology and phase composition of the 






(B) Annealing an as-received MnO(100) sample at atmospheric pressure of argon 
in the RTAF followed by annealing in UHV 
 
An as-received MnO(100) sample was first annealed in the UHV setup at 650°C for 
4 h and subsequently annealed at an increased temperature (750 °C) for 30 min. 
AFM images taken after each of the annealing cycles are shown in Fig. 5.10. As 
seen, this time the thermal annealing in UHV did not lead to the formation of the 
RLS, but instead the surface became covered with particle-like structures. The 
streaks due to polishing are still present on the surface. The sample was then 
subjected to further annealing under a constant flow of argon (1atm) in a RTAF 
according to the protocol: 1 min heating up to 1000 °C, annealing at this  
temperature for 10 min and cooling down to room temperature in about 7 min. 
The temperature decrease down to about 400 °C occurred in about 0.5 min. Unlike 
annealing in the UHV setup, where the sample heats up and cools down while 
mounted on a sample manipulator stick, the RTAF permits to reach the desired 
















Figure 5.10: (A) AFM image of the MnO(100) surface after annealing in UHV at 650 °C 
for 4 h. (B) AFM image of this sample after further annealing in UHV at 750 °C for 30 min. 
Size of both images 300 × 300 nm2. (C) and (D) cross-line sections taken along the black line 




ambient temperature can also be realized easily. The AFM image of the crystal 
after such a treatment is shown in Fig. 5.11. As can be seen, the surface exhibits 
rather large irregularly shaped grains with a height of about 2-4 nm. Their lateral 















Figure 5.11: AFM image of the MnO(100) sample after annealing in the RTAF at 1000°C 
for 10 min under a flow of Ar (1atm). Image size: (A) 1000 × 1000 nm2. (B) The inset (300 × 
300 nm2). (C) A cross-line section taken along the black line. 
 
out in UHV at 750 °C for 30 min. The streaks due to polishing are still visible on 
the surface. Afterwards, the crystal was again annealed at 1000 °C in the RTAF for 
10 min under a constant flow of argon according to the protocol described above. 
Interestingly, after such treatment the RLS of similar morphology as in the sets of 
experiments described in § 5.2.1 (A) appeared again, as seen in Fig. 5.12. Again in 
many regions of the surface the elongated structures are situated along two 
directions perpendicular to each other, but now the structure covers the surface 
less densely than in the experiments described in § 5.2.1 (A).   
Based on the results of this section and those described in section 5.2.1 (A) 
we can conclude that heating cycles at temperatures ~ 400-650 °C prior to heating 
at higher temperatures is required to achieve the formation of the RLS. The 
structure forms on the MnO(100) surface annealed in UHV and under 
atmospheric pressure of Ar. Here for the formation of the RLSs we propose the 
same model as has been discussed in § 5.2.1 (A). More detailed investigations of 
the annealing procedure of the crystal may help to understand the origin of the 



















Figure 5.12: AFM image of the MnO(100) sample after the second annealing in the RTAF 
at 1000 °C for 10 min under flow of Ar (1 atm). Image size: (A) 500 × 500 nm2. (B) Image 
(200 × 200 nm2) of the location indicated by the black square in (A). (C)  A cross-line 
section taken along the black line in (B). 
 
5.2.2 Annealing of the MnO(100) surface at a low pressure of oxygen 
 
The next set of experiments was carried out with an as-received MnO(100) single-
crystal under oxidizing conditions. Initially the sample was annealed in an oxygen 
atmosphere p(O2)=510-5 mbar at 400 °C for 4 h. Immediately after this treatment 
the surface was covered with trapezoid-like pillars (TLPs), as shown in Fig. 5.13. A 
line-profile made approximately along the median line of the TLPs as illustrated in 
Fig. 5.13, revealed that their height was about 20 nm and the width was in the 
range of 250-300 nm. Thus, the structures, probably, grow according to the VW 
mode (see § 3.1). However, one also cannot exclude the possibility of the 
formation of these surface structures according to the Stranski–Krastanov growth 
mode, especially if we take into account their rather ordered arrangement on the 
surface. Small protrusions are visible on top of each pillar. Apparently, the 
protrusions represent some part of the material that was not able to incorporate 
into the TLPs during the growth process due to the cessation of annealing and 

















Figure 5.13: AFM images of a MnO(100) surface after annealing in oxygen p(O2)=5×10-5 
mbar at 400 °C for 4 h. Image size: (A) (1000  × 1000 nm2). (B) (600 × 600 nm2). In (B) the 
scan direction of the tip is changed as compared to (A). (C) and (D) - cross-line sections 
taken along the black line in (A) and (B), respectively. 
 
the protrusions are contaminations segregated to the surface. Interestingly, after 
keeping the sample for 4 days in the UHV setup, the shape and dimensions of the 
TLPs have almost not changed, but their surfaces became quite rough (Fig. 5.14). 
Apparently, the roughness appeared as a result of redistribution and/or 
decomposition of the “particle-like” structures under the influence of the UHV 
environment in which very small amounts of hydrogen and water were present. 
The smaller scale AFM images displayed in Fig. 5.13 (B) and 5.14 (B) were 
obtained after changing the scanning direction with respect to the large scale 
image to rule out tip effects. As can be seen, the image is not affected by the 
scanning direction. The origin, the models of the TLPs formation and their phase 
composition are discussed in the Discussion. 
 
 
5.2.3 High temperature annealing of the MnO(100) surface in a rapid thermal 
annealing furnace under argon and oxygen 
 
In order to obtain information on how MnO(100) surface reacts at high annealing 
temperatures with rapid heating and cooling rates, several experiments were 






















Figure 5.14: AFM images of a MnO(100) surface after annealing in oxygen p(O2)=5×10-5 
mbar at 400 °C for 4 h measured after 4 days in the setup. Image size: (A) (1000 × 1000 
nm2). (B) (700 × 700 nm2). (C) and (D) cross-line sections taken along the black line in (A) 
and (B), respectively. 
 
experiments to those carried out in the UHV set-up, rapid thermal annealing of 
the MnO(100) single-crystal was carried out under a flow of argon and oxygen. At 
first, an as-received MnO(100) crystal was subjected to annealing under a constant 
flow of argon according to the protocol: 1 min heating up to 1100 °C, annealing at 
this temperature for 10 min and cooling down to room temperature in ca. 7 min. 
It should be noted that in this case the temperature decrease down to about 400 °C 
occurred in about 0.5 min. The AFM images (Fig. 5.15) after this procedure reveal 
that the surface is covered with rather large grains having a height of about 40 nm 
and a very smooth top sides. However, atomic resolution on the smooth top sides 
could not be obtained. At some locations of the surface hut-like regions [encircled 
in Fig. 5.15 (B)] with sides inclined to the probed surface at nearly 45° were 
imaged. Further annealing of the sample in Ar at 1100 °C for 20 and then for 40 
min according to the same protocol, resulted in a slight increase of the size of the 
grains. Longer annealing was not carried out, but it is possible that an even more 
uniform surface with a small number of larger grains may be obtained at this 
annealing temperature. Large and almost perfectly smooth regions on the crystal 
























Figure 5.15: AFM image of a MnO(100) surface after 1 min heating up to 1100 °C, 
annealing at this temperature for 10 min and cooling down to room temperature in about 7 
min under a flow of Ar (1 atm). Image size: (A) 945 × 945 nm2. (B) The location of the 
surface (380 × 380 nm2) comprised in the square in the image (A). (C) and (D) cross-line 
sections taken along the black line in (A) and (B), respectively. 
 
After the last high temperature annealing, the crystal was analyzed by XRD and 
the results are shown in Fig. 5.17 (C). 
Another as-received MnO(100) sample was annealed at 700 °C in an 
atmosphere of oxygen. Initially the heating at this temperature was performed for 
5 min according to the protocol described above and subsequently the sample was 
annealed for 20 min and then for 1 h under the same conditions. The morphology 
of the surface after each successive annealing cycle resembled that as depicted in 
Fig.5.16, i.e., a rough surface with a network of irregularly shaped grains separated 
by grooves which were up to 40 nm in depth. The only observed difference is that 
the grains on the surface become larger after each successive treatment in 
comparison to the first one. After the last annealing in O2, the crystal was also 





















Figure 5.16: (A) AFM image (1500 × 1500 nm2) of a MnO(100) surface subjected to 
annealing in O2 (1atm) in the RTAF at 700 °C for 85 min. (B) A cross-line section taken 
along the black line. 
 
 
5.3 XRD, XPS and RBS analysis of the samples 
 
5.3.1 XRD analysis of the samples 
 
Obviously the morphological changes observed on the surface of the MnO(100) 
crystals as a result of the heat-treatments are accompanied by changes in the phase 
composition of the near-surface region. To address the latter issue and to answer 
the question how the single-crystal reacts as a whole on the particular annealing 
procedure X-ray diffraction analysis of some MnO(100) samples was performed. 
Taking into account the mass absorption coefficients of the elements in 
MnO [101, 102] for the X-rays used in this study (see Chapter 2), the attenuation 
length or “mean free path” of the X-rays in MnO is estimated to be of ca. 6 μm.  
In Table 5.1 and Fig. 5.17 the results of the XRD analysis are presented. An 
as-received MnO(100) sample exhibited two strong peaks at 2θ=40.55° and 
2θ=87.74° characteristic of (200) and (400) diffraction reflections, respectively of 
MnO [103]. The XRD pattern also displayed rather intensive peaks at 2θ=36.50° 
and 2θ=44.39°, matching the (211 or 202) and (220) reflections, respectively and 
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minor peaks at 2θ=37.89°, 2θ=51.65° and 2θ=77.53°, matching the (004), (105) and 
(404) reflections, respectively of the Mn3O4 phase or γ -Mn2O3 [103]. 
After several cycles of annealing in a flow of O2 at 700 °C the XRD lines 
characteristic of MnO have not changed their positions, but their width, as clearly 
seen in Fig. 5.17 (B), has decreased. It indicates an improvement of the crystal 
structure. This can be caused by relaxation of the strain in the crystal due to the  
 





After annealing at 
700 °C in O2 for 85 
min 
After annealing at 1100 °C 
in Ar (1 atm) for 70 min 
- 32.69 31.08 
36.50 36.50 36.50  
37.89 37.94 37.96 
40.55 40.57 40.53 
44.39 44.16  44.84 
51.65  51.64 51.64  
77.53  77.56 77.55  








































































Figure 5.17: (continued) (B) MnO(100) sample annealed several times (85 min total) in 
the RTAF at 700 °C under a constant flow of O2 (1atm). (C) MnO(100) sample annealed 




healing of some defects as a result of the annealing procedures. At the same time, a 
peak at 2θ=44.39° is now slightly shifted to 2θ=44.16° and its intensity greatly 
increased. The (211 or 202) reflection of the Mn3O4 phase substantially decreased. 
In addition, a minor peak at 2θ=32.69°, coinciding with the (103) reflection of 
Mn3O4 appeared, almost unchanged the (004) and (105) reflections and weakened 
the (404) reflection of Mn3O4.  
 Apparently, upon annealing in O2 the amount of the Mn3O4 phase in the 
MnO(100) sample increases and/or its crystal structure improves. Considering this 
result it is interesting to note that already in the earlier study by electron spin 
resonance spectroscopy [104] the Mn3O4 impurity in nonstoichiometric MnO 
single-crystals has been detected. It was found that the formation of Mn3O4 
clusters in MnO occurred primarily on the surface of MnO. Moreover, it was 
inferred that the clusters of Mn3O4 in MnO were polycrystalline and almost 
spherical in shape. Also Lad and Henrich [63], by XRD analysis of a powder 
sample made from a part of a MnO single-crystal (exhibiting a high quality Laue 
X-ray diffraction pattern) also found the Mn3O4 phase in a concentration of about 
7 %. An UHV-cleaved single-crystal of another TM oxide with a rocksalt 
structure, CoO was found to be covered by an epitaxially oriented Co3O4 layer 
[65]. Similar observations are reported in [105] for an air-exposed CoO single-
crystal; the surface was Co3O4-terminated and this phase extended several layers 
beneath the surface. Also, for powdered CoO samples Co3O4 was found [67]. These 
data and our findings indicate that Mn3O4 can be present in the pristine MnO(100) 
single-crystals and also can form as a result of annealing in oxygen. 
After several annealing cycles in Ar at 1100 °C, the reflection lines 
characteristic of MnO in the XRD pattern become much narrower in comparison 
with an as-received sample. A peak at 2θ=31.08° coinciding with the (200) 
reflection of the Mn3O4 phase appeared which was present neither in an as-
received MnO(100) sample nor in the sample annealed in oxygen. The intensity of 
a peak at 2θ=36.50° was almost the same as in the annealed in the oxygen sample. 
The (220) reflection present in the XRD pattern of the two above described 
samples almost vanished and shifted to 2θ=44.84°. Also, the (004) and (105) XRD 
lines of Mn3O4 somewhat diminished.  
Taking into account these results it is concluded that the crystal structure of 
the MnO(100) crystal improves after annealing in oxygen and Ar and possibly the 
amount of the Mn3O4 somewhat increases, and/or its structure  improves. Also, it 
is possible that the Mn3O4 phase in the annealed samples is arranged differently 







5.3.2 XPS analysis of the samples 
 
Since it is impossible to correlate the observed surface structures to a particular 
manganese oxide(s) phase by using AFM alone, complementary surface analytical 
techniques are needed. XPS is widely accessible in comparison with other surface 
science techniques. However, since XPS was not available in the preset setup, it 
was difficult to carry out a systematic analysis and therefore we attempted to 
examine only some of the samples.  
It should be noted that the unambiguous determination of the oxidation 
state by XPS is only possible in the case of monophase compounds. For multiphase 
systems having different oxidation states with a small difference in the 
photoemission binding energies, such as, e.g., vanadium oxides [106], the analysis 
becomes much more complicated. The same kinds of difficulties arise in the XPS 
analysis of manganese oxides. More specific, the determination of the Mn 
oxidation state in Mn-oxides with a standard XPS setup is impeded for several 
reasons. The Mn ions are in a high spin state that causes the broadening of the Mn 
2p doublet due to multiplet splitting [107, 108] and for this reason it is difficult to 
analyze it quantitatively. The peak maxima of the 2p core levels of Mn2+, Mn3+, 
Mn4+ ions are separated only by about 1 eV. This makes the separation of the 
contribution of each oxidation state to the XPS spectrum quite difficult, even with 
the application of deconvolution methods.  
XPS studies of MnO, either as a single-crystal, or as a supported phase on 
other substrates, were carried out in [80, 109-116]. The best procedure to 
distinguish the Mn oxidation states seems to be the employment of a combination 
of the Mn 2p doublet binding energy, the Mn 2p satellite structure, the Mn 3s 
multiplet splitting and valence band spectra [113]. The Auger parameter method 
[117] employed in [113] for Mn-oxides determination is also capable to provide 
rather good results. However, the differences in the position of the Auger lines 
(LMM) of Mn in different oxidation states are not large enough and the line is 
rather broad that complicates the analysis. Recently, it was shown that valence-
band photoemission spectroscopy can serve as an effective complementary tool to 
core-level studies to distinguish the various manganese oxides [118].  
XP spectra of an as-received MnO(100) single-crystal are presented in Fig. 
5.18 and the results of the determination of the binding energies of the elements 
are summarized in Table 5.2. To compensate for charging effects the spectra were 
referenced to the C 1s level of carbon at 284.4 eV. All the characteristic peaks of 
MnO(100) are well resolved  and the binding energies of the Mn 3s and Mn 2p 
levels are in good agreement with literature data. But, instead of the two shake-up 
satellites generally observed 6 eV below each of the two spin-orbit-split Mn 2p 








































Figure 5.18: (A) XPS of an as-received MnO(100) single crystal. High-resolution XPS of 



































Table 5.2: XPS binding energies (eV) of the MnO(100) samples treated in (UHV, 
O2, Ar). 






529.2 641.0 652.8 82. 0 88.0 
MnO(100) annealed in 
UHV at 650 °C for 4 h 
530.0 640.2 653.0 # # 
MnO(100) annealed in 
O2 (1atm) at 700 °C for 
85 min 
530.3 640.1 652.9 # # 
MnO(100) annealed in 
Ar (1atm) at 1100 °C 
for 70 min 
529.8 640.2 652.0 # # 
  Note: # - not measured 
 
satellites are particularly sensitive to the stoichiometry of the oxide and disappear 
in higher Mn-oxides [45]. Also the disappearance of the satellites was registered by 
XPS of somewhat hydroxylated MnO(100) surface [116]. Hence, the XPS spectrum 
observed in the present study in the Mn 2p region of the pristine MnO(100) 
surface can stem from the two above mentioned reasons. Surface hydroxylation of 
a MnO(100) single-crystal due to its exposure to the atmosphere cannot be 
excluded. However, there were no changes in the XPS spectrum of O 1s peak [Fig. 
5.18(C)] that are observed when the surface is hydroxylated [116]. Note that 
hydroxyl species from this surface can be removed by annealing to 200 °C [116]. 
For an as-received MnO(100) single-crystal we found that the splitting of the Mn 
3s peak is equal to 6.0 eV and the intensity ratio of the split components is equal to 
1.5, which is somewhat higher than the theoretical value of 1.4 [80]. The XP 
spectra of the samples annealed in Ar and O2 were similar to the XP spectrum of 
an as-received MnO(100) sample. But the oxygen peak shows a little higher 
binding energy in all the annealed samples in comparison with an as-received 
sample, with the highest value observed in the sample annealed in oxygen. The 




5.3.3 RBS analysis of the samples 
 
The knowledge of the phase composition of the near-surface region of the crystal 
may allow its correlation with the observed surface structures. As discussed above, 
it is difficult to get this information by conventional XPS technique. Also, XRD in 
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standard diffraction geometry cannot provide such information. However, the 
XRD experiments described in § 5.3.1 indicate that the near-surface region (~ 6 
μm) of an as-received MnO(100) crystal contains a small amount of Mn3O4. 
Another technique that can deliver similar kind of information is Rutherford 
backscattering spectrometry. In particular, this technique allows measuring the 
bulk composition and concentration profiles near the surfaces of thin homogenous 
films of a wide range of compounds with a depth resolution of about 10 nm. For 
instance, it was demonstrated that it can be successfully applied to measure the 
near surface composition of fresh and non-stoichiometric reduced rutile (TiO2) 
single-crystal samples [119]. Therefore, it was decided to use RBS as an additional 
tool to determine the oxygen/manganese ratio in the near-surface region in the 
MnO(100) samples.  
In the present study, RBS spectra of an as-received MnO(100) crystal and 
MnO(100) surface annealed at 700 °C for 85 min in oxygen (1 atm) were collected. 
Figure 5.19 and figure 5.20 show the backscattering yield from the first and the 
last sample, respectively along with the simulation made by RUMP program. The 
best fit to the RBS spectrum of an as-received MnO(100) single-crystal was 
obtained with the atomic ratio O/Mn=0.59/0.41 and for the sample annealed in 
oxygen O/Mn=0.51/0.49. The differences in normalized backscattering yield 
confirm that the oxidation process has induced a change of chemical composition 
in the MnO(100) crystal. Thus, the near surface region of an as-received 
MnO(100) single-crystal is oxygen enriched. Presumably, this is the result of long 
exposure of the crystal to the ambient atmosphere. After the sample was annealed 
in oxygen at 700 °C, the Mn/O ration became almost stoichiometric. The sampling 
depth of the He+ ions was in the range of 1.5-2.4 μm as established from the fits to 
the spectra by using the RUMP simulation program. It should be noted that in 
RBS depths are typically expressed as an areal density of atoms and not as simple 
lengths. The conversion from atoms/cm2 to angstroms, e.g., can be accomplished if 
the sample density is known. If this characteristic of a material is not known 
accurately the resultant depth scale will be in error. The variation in composition 
as a function of depth may cause variation in density. Therefore, we have not 
proceeded further in the establishing of concentration profiles of the elements in 












Figure 5.19: (1) The RBS spectrum of an as-received MnO(100) single-crystal. (2) The fit 





Figure 5.20: (1) The RBS spectrum of an as-received MnO(100) single-crystal annealed at 






The annealing of the MnO(100) surface carried out in UHV and in the presence of 
oxygen resulted in several distinct surface structures. The genesis of the structures 
is yet not clearly understood and more detailed research is needed. Hence, at this 
point these questions are only qualitatively discussed. 
Manganese element in its oxides, just as some other TM, due to its redox 
properties can easily alter its valence in response to changes in the environment. 
For instance, TM oxides can change the valence of the surface cations to 
compensate for the charge of missing oxygen atoms as a consequence of 
evacuation or mild chemical reduction, eventually resulting in a so-called 
reduction-induced relaxation [120]. Thus, it is very likely that during a 
temperature treatment under oxidizing or reducing conditions, several Mn oxides 
can be formed on the MnO(100) surface. They can coexist and/or progressively 
change into each other. As a result the morphology of the surface may exhibit a 
quite dynamic and complex behavior. Under thermodynamic equilibrium bulk 
oxide stoichiometries depend on the ambient oxygen partial pressure and 
temperature and can be calculated by phenomenological thermodynamics as, for 
example, was accomplished in [8] for MnxOy system (Fig. 5.21). The 
stoichiometries and structure of oxide surfaces also depend on these parameters. 
However, the phase composition and the structure of oxide surfaces which can 
evolve and prevail under particular experimental conditions are difficult to predict 
only on the basis of thermodynamics. Moreover, if several Mn oxides may coexist 
on the surface they may interact with each other forming unique phases. In 
general, other factors can influence the formation of the phase composition of the 
surface, e.g., they can be driven by electrostatic forces and minimization of the 
number of dangling bonds [122, 123] or the formation of transients, kinetically 
stabilized phases is possible [124-126]. It should be noted that the surface 
structures on bulk single-crystals is far more difficult to stabilize than on thin 
oxide films [127 and ref. therein].  
Before addressing the surface structures observed in the present study we 
believe that it is instructive to keep in mind the external shape (habit) of the 
macrocrystals of different Mn-oxides. The reason is that although the 2-D 
symmetry of the substrate surface is the most important factor determining the 
structure of the overlayer, the 3-D symmetry can also influence it, especially in 
case of oxide-on-oxide epitaxy. But here it is important to note that macroscopic 
crystals usually exhibit not the equilibrium shape but the growth shape. Their 
boundary planes (equal to the planes that belong to the equilibrium shape) result 
from slow growth in the normal direction, which is induced by the presence of a 




















Figure 5.21: Manganese-oxygen phase-stability diagram, p(O2) given in atm. The different 
lines are the phase boundary proposed by different authors [8, and ref. therein]. The black 
square corresponds to the condition of the annealing carried out in oxygen p(O2)= 3 × 10-6 
mbar at 700 °C (see § 5.2.1, Fig. 5.9), the black triangle falls into the region of the 
experimental conditions 400°C and p(O2)= 5×10-5 mbar (see § 5.2.2, Fig. 5.13),  the black 
circle indicates the conditions of the experiments 700 °C and p(O2)=1 atm (§ 5.2.3, Fig. 
5.16), the black bar corresponds to the conditions of the experiments carried out in 
MnO(100)/Pd(100) system [120].  
 
 
equilibrium shape whose boundary planes are determined by their specific free 
energies. In addition the crystal habit may transform under the influence of 
different factors, for example, impurities which can influence the growth velocity. 
Thus, the growth shape of a macrocrystal can deviate from the equilibrium shape 
because the relative sizes of the various planes usually differ in the two shapes.  
As can be seen in Fig. 5.1, all stable manganese oxides, except MnO2 have a 
cubic and tetragonal symmetry. However, among naturally occurring manganese 
oxides only bixbyite - a manganese-iron oxide mineral (Mn, Fe)2O3 forms well-
defined cubic crystals [21]. The Fe:Mn ratio is quite variable and many specimens 
have almost no iron. Another polymorphic modification – the mineral α-kurnakit 
(α-Mn2O3) having a face-centered tetragonal (f.c.t.) unit cell with lattice constants: 
а=b=8.85 Å, с=9.95 Å and c/a=1.124 occurs in nature as small rhombic crystals 
[129]. The transition temperature of α-Mn2O3 -> β-Mn2O3  (cubic, a=9.41 Ǻ) is 670 
°C [2]. Mn3O4 generally does not form well-defined single-crystals. Only rarely it 
occurs as superb, euhedral crystals, typically in the pseudo-octahedral habit of a 
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tetragonal bipyramid [130]. It was also found [131] that small particles of this 
oxide exhibit a cubic shape. Thus, from a geometric point of view on the 
microscale perhaps only MnO and Mn2O3 phases can be stabilized in cubic 
morphology. Another aspect concerning the morphology of micro/nano-structures 
arises when one phase can grow on top of another. Here the structure, and, hence, 
morphology of the overgrowing phase is determined by an epitaxial relationship 
between the phases. Epitaxial overgrowing takes place with pairs of crystals of 
whatever structure or bond type [128]. An especially interesting case is when the 
phases have a different crystal structure. An important example of relevance to the 
present study is the growth of Fe3O4 (tetragonal spinel) on a MgO(001) (rocksalt) 
substrate [132]. The STM study shows that instead of the difference in crystal 
structure between these two compounds, 200 nm-thick Fe3O4 films formed on 
polished MgO(001) at substrate temperature (250 °C) grow as pyramidal-shaped 
nanocrystalline islands, all with the same orientation and possessing a rather high 
density of steps. The sides if these islands are inclined by about 10° with respect to 
the substrate surface plane. Thus, one can speculate that if some of the above 
mentioned manganese oxide phases would nucleate and grow on the MnO(100) 
surface they all can exhibit a similar morphology (cubic symmetry). Consequently 
if several of them could coexist on the surface, it is apparently impossible to 
discriminate between them solely on a morphology basis.  
The first peculiar surface structure that was found in our experiments is the 
RLS (see Fig. 5.4, Fig. 5.5 and Fig. 5.12). The structure is irreversible, since once 
formed at high temperatures, it persists upon cooling down to room temperature. 
As it is most distinctively developed following high temperature annealing 
(around 700 °C in UHV) and 1000 °C (1 atm Ar), its formation seems to be an 
activated process. On some locations of the surface the structure shows a 
remarkably regular morphology (see Fig. 5.7). Hence, it is reasonable to assume 
that it consists of many more simple regular structural units which can align in 
such a pattern. Such structural units may have as constituents MnO6 octahedra in 
which cations are octahedrally coordinated by oxygen anions. In manganese 
oxides MnO6 octahedra may be thought of as the fundamental building blocks 
united by either edge or corner sharing and assembling into a wide variety of 
ordered or disordered structures (chains, sheets or tree-dimensional units). The 
period of such a one dimensional chain is 0.28 nm [26]. Double and triple chains 
are formed when two or tree parallel chains are combined with each other by 
sharing edges of the MnO6 octahedra. For instance, in MnO2 the octahedra are 
connected by their sides. Also the octahedra in some manganese oxides can be 
distorted. For example, in β-MnO2, a MnO6 octahedron is slightly elongated with 
two long 1.894 (Å) and four short 1.882 (Å) Mn-O distances [133]. In 
hausmannite, the Mn3+ ion in octahedral position is subject to the Jahn-Teller 
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effect, resulting in the distortion of MnO6 octahedra with four Mn-O distances of 
1.930 (Å) and two of 2.290 (Å) [14, and ref. therein]. We suppose that the exact 
discrete dimensions of the RLS can be the manifestation of an ordering of a 
number of such octahedral units, and the way they are linked at their corners or 
edges specify the stoichiometry of the resulting structure. Apparently, it is 
topologically possible for such different structures to intergrow coherently, and 
the changes of stoichiometry can be accommodated by the intergrowth of the 
RLSs of different structure. We hypothesize that the RLSs also may be stabilized 
on the surface due to different kinds of defects present at the interface. Most of 
surface restructuring and reconstructions are attributed to the ordering of oxygen 
defects [134]. It is known that Mn-oxides become highly non-stoichiometric, 
when subjected to heating because of oxygen loss. The defect structure obviously 
may vary with oxygen deficiency which depends on temperature, gas pressure, 
impurities, etc. But which type of defect is dominant in a particular region of 
oxygen deficiency in MnO is not exactly known. It is known, however,  that the 
cation defects are the majority defects in oxides having a rocksalt structure and the 
self-diffusion of metal ions is several orders of magnitude faster than that that of 
oxygen anions [135]. As predicted by lattice energy calculations the most stable 
defects in this type of oxides are complex defects arising from clustering of single 
defects. Depending on the conditions, the predominating defects can change, e.g., 
from Mn interstitials to vacancies and complex defects [135]. The results of the 
calculation of the energies of defect clusters in MnO using molecular orbital 
theory performed by Grimes et al. [136] indicate that relatively large extended 
defects of the zincblende type coordination are stable in MnO. The other kinds of 
defects represent dislocations. It is well known that dislocations can be arranged 
in networks with a cell structure of about 0.1 mm cell size [137]. They are sources 
and sinks of native defects. When a crystal is annealed, dislocations and defects 
interact with each other and eventually it can happen that dislocations and/or 
defects form some regular well aligned network inside the crystal. A high density 
of extended defects (dislocations) can significantly affect the mass and charge 
transport in solids. Possessing a high potential energy such a network of defects 
can act as a preferential nucleation site of a new oxide phase, different from the 
bulk periodicity. In addition, the surface of the annealed MnO(100) single-crystal 
due to cation or anion depletion in the near surface region can be unrelaxed. This 
may represent the driving force behind the formation and stabilization of a new, 
probably a polymorphic metastable surface phase (stoichiometric/non-
stoichiometric), i.e. the RLS. The formation of RLS could lead to a more favorable 
surface structure which accommodates defects and lowers surface energy. In this 
context a perfect illustrative example of the possibility of the formation of 
different kinds of surface structures in manganese oxide system represents the 
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investigation by Netzer and coworkers [83], on the growth of Mn-oxide ultra thin 
films on a Pd(100) single-crystal surface. It was found that at an oxygen pressure 
of 2×10-7 mbar, epitaxially ordered bulk-type MnO films, terminated by (100) 
facets grew, whereas a pressure of 5×10-7 mbar and higher favored the formation 
of Mn3O4 crystallites. For  a Mn-oxide coverage < 2 ML mainly two types of phases 
where found, which by using DFT calculations were assigned to interface-
stabilized oxide layers with formal stoichiometries of Mn4O6 and Mn4O8. In the 
most recent report by this group [138] a complex phase diagram of Mn oxides on 
Pd(100) composed of nine different interface-stabilized phases was observed at Mn 
oxides coverages below 1 ML.  
Another factor that can contribute to surface restructuring is surface 
contamination. It is known, that alkali and alkaline earth impurities segregating to 
the surface of some oxides can cause surface reconstructions [139]. In the present 
work, however, a detectable quantity of contaminants on the inspected surfaces 
has not been found except a small amount of carbon. It is widely accepted that 
densely packed oxide surfaces, such as MnO(100), are largely inactive. However, 
defects, particularly those associated with oxygen vacancies provide sites where 
adsorbates may bind strongly. It may be possible that a small concentration of 
carbon adsorbed on defects, for example, oxygen and/or manganese vacancies, can 
influence the balance of the MnO(100) surface energy during annealing in such a 
way that it rearranges with the formation of the surface structures possessing a 
lower total surface energy. It is important to note that (100) surfaces of rocksalt-
structured oxides are known to be non-polar and it is generally accepted that they 
are not prone to reconstruct [139]. However, some non-polar oxide surfaces do 
reconstruct due to contaminations or a high temperature treatment [141-143]. For 
instance, by combined LEED and STM analysis [68], microfaceting of the 
CoO(100) surface upon annealing to 1100 K with the formation of (110) planes has 
been found. Considering the possibility of the MnO(100) surface to reconstruct, 
interesting results were reported by Langell and Cameron [59]. Since that work is 
of immediate relevance to the present study, its main results are presented here. 
The authors discovered that prolonged annealing of the surface causes the 
appearance of a (2×2) pattern. Because of the weak intensity of the LEED pattern, 
the (1×1)  (2×2) transition temperature could not be exactly determined. A (2×2) 
pattern appeared at an average temperature of 527 °C after 0.25-1 h annealing time 
and was stable down to 207 °C. Charging problems prevented the observation of a 
LEED pattern and thus conclusive statements about its stability could not be made. 
Further heating to 727 °C of the MnO(100)-(2×2) structure caused the 
reconstruction to a surface with a (6×6) unit cell. The LEED pattern of this 
structure was more intense than that corresponding to the (2×2) pattern. The (6×6) 
pattern persisted upon cooling to ambient temperature. Exposure of the 
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stoichiometric MnO(100) surface up to 900 L of CO, O2 or NH3 at temperatures in 
the range between 377-727 °C did not result in any detectable adsorption of the 
gases and no changes were observed in the XPS and AES spectra. Surface 
hydroxylation and adsorption of background contaminants were also excluded as a 
possible cause of the (2×2) and (6×6) reconstructions. Small amounts of calcium 
impurities were found to inhibit the (2×2) reconstruction but were disregarded as 
a reason for the surface reconstruction. It was concluded that the (2×2) and (6×6) 
structures are intrinsic properties of the stoichiometric MnO(100) surface and are 
not ordered defect or adsorbate overlayers. Hence, this investigation and our 
experiments indicate that the MnO(100) surface under certain conditions can 
exhibit a quite dynamic and complex behavior and the revealed phenomena 
deserve further study. 
The next interesting surface structure which was registered in the present 
study is the TLPs (see Fig. 5.13 and Fig. 5.14). Unfortunately, the phase 
composition of the structure was not determined and only some preliminarily 
assumptions on this issue will be discussed in the following.  
As can be judged from the MnxOy bulk phase stability diagram, shown in 
Fig. 5.21, the conditions of the experiments where the TLPs were detected (400 °C 
and p(O2)=5×10-5 mbar, Fig. 5.13) correspond to the region of stability of the 
Mn3O4 phase. According to Fritsch and Navrotsky [8], the enthalpy of oxidation at 
298 K for the reaction 6MnO+O2  2Mn3O4 is - 441.4 ± 5.8 (kJ/mol of oxygen) 
being the highest of the other possible reactions between oxygen and Mn-oxides. 
These data point out that the TLPs may be the manifestation of the Mn3O4 phase 
on the MnO(100) surface. As was found in the XRD experiments (see § 5.3.1), the 
as-received MnO(100) single-crystal probably contains a small amount of the 
Mn3O4 phase in the near-surface region. Taking this into account we speculate 
that the subcritical nuclei of these phase(s) at the surface or at some depth in the 
bulk can develop under certain conditions to faceted structures, i.e., the TLPs. In 
general, the presence of starting nuclei is not necessary and a new phase can also 
nucleate on any irregularity (defect) on the surface. 
Rocksalt (MnO), spinel oxides (Mn3O4) and Mn2O3 are all closest packed in 
lattice oxygen and differ mainly in the filling of octahedral and tetrahedral sites 
with Mn2+/Mn3+. More specifically, Mn3O4 has tetragonally-distorted cubic lattice 
with a=8.149 Å and c=9.456 Å [144]. Actually, the crystal structure is I41/amd with 
the a axes 1/ 22  times 8.14 Å and the c axis remains the same, where the a axes 
of tetragonal spinel and I41/amd are related by a rotation of 45° around the c - axis 
[145]. The oxygen sublattice in itself is thus f.c.t. with half the dimensions of the 
tetragonal spinel: 4.07 Å and 4.71 Å [146]. Since all of these oxides have cubic or 
tetragonal symmetry, it is possible that each of them can grow on another with 
cube-on-cube orientation under suitable conditions. For the transformation of 
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MnO to Mn3O4 it is necessary that a quarter of all Mn atoms shift less than the 
nearest neighbor Mn-O distance in MnO and a quarter have to diffuse out of the 
structure [147]. For the possibility of the formation of the Mn3O4 phase in 
annealed MnO samples prepared in the present study also point out the following 
data. As reported in [148 and ref. therein], Mn3O4 was systematically detected in 
Mn1-zO after quenching for non-stoichiometric compositions with z > 0.002. The 
manganosite samples in that study were prepared in CO2/CO gas mixtures at 
temperatures between 1200 °C and 1450 °C, then quenched by either being 
dropped into water or cooled on the wall of a water jacket. The authors suggested 
that a simple point defect induces static shifts of the atoms and it causes some 
distortion of the O-M-O angles. This leads to the local reduction of the crystal’s 
symmetry (cubic). The specific volumes of host lattice and defect clusters are very 
different. It is assumed that cooperative breaking of the bond angles O-M-O lead 
to dislocations and cracks on the surface of the grains of MnO that was also 
evidenced by the appearance of a dark color. Furthermore, in a multilayer sample 
obtained by oxidation of a Mn sheet, the precipitation of Mn3O4 has been 
registered in quenched non-stoichiometric samples. The crystalline shape 
depended on the non-stoichiometry. For nearly stoichiometric MnO, pillar or 
lamellar crystals were observed. If defects were present in large concentrations, 
the crystal showed an irregular polyhedral aspect. In several cases Mn3O4 has been 
observed in the grains of MnO. It was concluded that: (a) high temperature defects 
condition the morphology of the oxides; (b) Mn3O4 precipitates are quite 
independent (concerning the structure) of the host lattice in quenched samples. 
The authors also proposed a mechanism of the Mn3O4 phase formation: between 
the cold surface and the hot internal zone, the thermal stress gradient involves a 
continuous distortion. For large crystals a large stress gradient is involved, because 
of the large value of total distortion which is the sum of each cell distortions. The 
migration of metal ions and vacancies occurs in two opposite directions, according 
to so-called ascending diffusion. During quenching, some Mn2+ ions must jump 
from octa- to tetra positions, creating Mn3O4 islands. These jumps are easier if 
vacancies are present in large concentrations. The existence of the well-known 
(m/n) clusters (m vacancies, n interstitials) indicates that octa-tetra jumps are most 
likely in zones where vacancies are concentrated. Thus, around a Mn3O4 nucleus 
or cluster, these jumps can be collective and give rise to the Mn3O4 crystallite 
during quenching. It was speculated that the formation of superclusters or 
precipitates during the quenching process minimizes the angular distortion, and 
thus, the stress gradient from the center to the surface of the crystals. We believe 
that similar mechanisms of Mn3O4 formation as described above also could be 
realized in the annealed MnO(100) crystals examined in the present study.  
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Additional experimental evidence supporting the model that the TLP’s may 
consist of the Mn3O4 phase is also provided by the most recent study by Bayer et 
al. [121], in which it was shown that Pd(100)-supported MnO(001) thin films with 
a typical thickness of 20 ML can be easily converted into Mn3O4(001) surfaces. 
Interestingly, the authors performed experiments under conditions (5×10-6-2×10-5 
mbar, T=770 K) very close to those applied in our study, as seen in the MnxOy 
phase diagram (Fig. 5.21). It was revealed that the Mn3O4 phase develops in the 
form of elongated crystallites with the main axis oriented along the <110> 
symmetry directions. The conversion proceeds easily in both directions, such that 
annealing in UHV of Mn3O4(001) at 900-950 K leads to a pure and well-ordered 
MnO(001) film, which in turn can be readily reoxidized to the original 
Mn3O4(001). Another important result is that despite the rather large lattice 
mismatch of 9 %, MnO(001) is a favorable support for the formation of Mn3O4 
(001)/MnO(001) interfaces due to the rather low strain energy (22 meV/atom) 
required for the expansion of the Mn3O4 planar lattice constant to the × 2 MnO 
value. DFT calculations suggest that the structural stability of the low index 
Mn3O4 surfaces follows the order: 001>110>100. Manganese terminated models 
were found significantly less stable than oxygen rich terminations for all 
orientations. Among two possible as-cleaved terminations of the (001) orientation 
of Mn3O4, a mixed oxygen and manganese surface with stoichiometry Mn2O4 was 
found to have the lowest surface energy and is 0.32-0.96 J/m2 more stable than the 
other models considered. Different structural models for the 
Mn3O4(001)/MnO(001) interface have been tested. It was shown that a well-
defined junction between MnO(001) and Mn3O4(001) is possible. The preferred 
model interface begins with a Mn2O4 terminated Mn3O4 layer accommodated onto 
the underlying MnO(001) substrate, with the Mn3O4 Mn atoms placed in atop site 
positions with respect to the MnO oxygen underneath.  
We believe that the origin of the trapezoid-like structures may also be 
relevant to the understanding of the results reported by Hegeman et al. [149, and 
ref. therein]. The authors reported the formation of microprecipitates of MnO in a 
Cu matrix having octahedral shape due to termination of the precipitates by 8 
MnO {111} facets. The formation of MnO before the appearance of Mn3O4 
precipitates in Cu was explained by growth kinetics [147], although as stated, the 
latter oxide is thermodynamically more stable also as small coherent (dislocation 
free) and semi-coherent precipitates than MnO. The perimeter of one MnO 
faceted 3-D precipitate resting in a copper matrix was found to be formed by {111} 
planes. In this way the precipitate exhibits a trapezoid-like contour. The 
orientations of two of its facets were determined to be (857) and )17(5  the 
presence of the latter one is, however, uncertain because it corresponds to a polar 
plane. In view of these data we are also tempted to suppose that although our 
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system differs substantially from the one described above, it is possible that under 
certain conditions similar precipitates of MnO phase can form on the MnO(100) 
surface. The TLPs in our study also are three-dimensional and are about 15-26 nm 
in height. Their formation and morphology can be also caused by the influence of 
growth kinetics. On the basis of thermodynamic considerations it was speculated 
[147] that if the formation of a precipitate within a certain volume is possible then 
MnO formation is preferred when the supply of oxygen is rate determining. But, 
after sufficient long oxidation times only the manganese concentration is limited 
and oxidation to higher oxidation states is more favorable. Interestingly, most of 
the precipitates registered in [147] were monophasic and exclusively single-
crystalline. In most cases it was MnO, but a minor amount of Mn3O4 precipitates 
and some precipitates composed of both MnO and Mn3O4 phases were observed as 
well. The precipitates of the latter phase often consisted of several domains. Taking 
these data into account, we consider that the possibility for the TLPs to consist of a 
mixture of MnO and Mn3O4 phases cannot be ruled out. 
By visual inspection of the AFM images it can be noted that the TLPs are 
quite ordered and interlocked with each other. Probably, the conditions of growth 
and stress phenomena (stress at the surface, volume stress or the interplay of these 
factors) induce collective process(es) which guide the orientation/ordering of these 
structures. Almost equal dimensions of the TLPs indicate that there is/are some 
mechanism(s) that limit(s) the growth of the islands. This may also point out that 
the TLPs are composed of some manganese oxide phase(s) which adopted 
equilibrium shape with a certain surface-volume ratio. To gain further insight into 
the shape of the TLP structures, more research should be performed. 
The surface of the as-received MnO(100) sample (see § 5.2.3, Fig. 5.16) 
annealed at 700 °C and p(O2)=1 atm for 85 min exhibited a network of irregularly 
shaped grains. As can be seen in Fig. 5.21, these experimental conditions are close 
to the border of the stability region of the Mn2O3 and Mn3O4 phases. At the same 
time XRD measurements [Fig. 5.17 (B)] revealed that this sample may contain the 
Mn3O4 phase. It should be noted that the Mn3O4 phase is isomorphic to the spinel-
like γ-Mn2O3 phase (space group=I41/amd, a=8.150 Å, c=9.440 Å) [144] in which 
the oxide ions are in a cubic close-packed array. This phase is probably metastable 
[12, 14] and it represents a deficient arrangement of Mn3O4 with 8/3 cation 
vacancies per unit cell. It has a tetragonal symmetry with an axial ratio c/a=1.16 
which is identical to Mn3O4 [150]. This makes it very difficult to distinguish 
between these phases due to very similar XRD patterns. Therefore, we suppose 
that the surface morphology observed by AFM may be related to these two phases. 
If the TLPs represent the equilibrium shape of some of the Mn-oxides then 
it would be possible to construct their shape by using the Wulff construction, as 
described in § 3.4. However, to put it on a solid ground at present is not possible 
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because of the following reasons. The equilibrium shape of a TLP on a MnO(100) 
substrate is determined by the surface energies of the TLP’s crystal facets (γhkl), the 
surface energy of the substrate (γs) and the interface energy between the TLP and 
the substrate (γi). Unfortunately, experimental values are lacking, although by 
some recent theoretical calculations the surface energies of some MnO surfaces 
have been established [151]. Furthermore, at present the phase composition of the 
these structures is unknown. Hence, only preliminarily assumptions regarding the 
construction of the TLP shape are presented. 
In the paper of Ziόłkowski [152] instead of the surface free energies, the 
surface enthalpies (J/m2) of several low index surfaces of MnO in the so-called 
rigid lattice approximation were calculated to be: (001) - 2.56; (110) - 3.63; (120) - 
3.44; (111) - 4.44; (112) - 4.19 and for β -MnO2: (110) - 2.05; (100) and (010) - 2.9; 
(210) - 3.21; (101) - 3.08; (111) - 3.4; (001)-3.68. Note that low index surfaces have 
lower value of the surface enthalpy than high index surfaces. However, calculated 
in this way surface enthalpy does not take into account different relaxation 
phenomena that can occur at the near-surface region of a solid. Due to relaxation 
effects, the external shape of a nanoisland/nanocrystallite can deviate from the one 
based solely on the calculated surface enthalpies.  
According to recently performed DFT calculations [151], the surface 
energies of the (100) and (110) surfaces of MnO are in the range of 0.71-0.86 J/m2 
for (100) and 1.31-1.73 J/m2 for (110) surfaces, respectively. Thus, the calculated 
surface energy of the MnO surfaces with identical crystallographic orientation is a 
factor of about three lower compared with the surface enthalpies found by 
Ziόłkowski. If we take into account the calculations performed in [151, 152] then 
free crystallites of the MnO phase in equilibrium should be cubes since the {100} 
planes have the lowest surface enthalpy and surface energy. Consequently, if we 
suppose that on the MnO(100) surface may form the precipitates of MnO phase, 
they should have a square shape. Deviation from the square morphology, i.e. 
trapezoid-like morphology may originate from different factors. For instance, 
deformation may be caused by different strain phenomena. In some cases the 
equilibrium shape of small crystallites is controlled by the competition between 
strain energy as a result of misfit at the interface and interfacial binding energies. 
Depending on the magnitude of the stress/strain, the elastic energy can become 
appreciable that results in deviations of the equilibrium shape associated with the 
Wulff construction. Then, the equilibrium shape can be predicted by approaches 
based on minimization of elastic strain energy [153, 154]. In addition, there also 
can be internal strains in small islands. Generally, surface stresses and volume 
stresses for particles > 10-5 cm are negligible [155]. Note that the TLPs just fall into 
the range of sizes where strain effects may influence the islands morphology. In 
this case it is possible to imagine the situation where by means of changing the 
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orientation of the low surface energy facets into higher surface energy facets the 
increase in strain may be balanced. In addition, as mentioned above, one cannot 
exclude the possibility that the TLPs are composed of a mixture of manganese 
oxides. Due to these and possibly other factors the crystallites may develop faces 
possessing higher surface energy on the external surface. Indeed, some of the TLPs 
are terminated by distinctly visible facets situated at their corners [marked with 
arrows, see, chapter 6: Fig. 6.8 (B)]. The TLPs are topped with distinct rectangular 
structures, which presumably represent an overgrowing manganese oxide phase. 
Also the amorphous-like perimeter of the TLPs is distinctly seen [Fig. 6.8 (B)]. 
 It must be noted that when due to the condition of minimum crystallite 
energy the external shape of the equilibrated crystallite (e.g., TLP) should always 
be dominated by the face of the lowest surface energy, the other exposed face(s) 
do not necessarily appear in the order of increasing surface energy, i.e. some of 
them may be missing.  
Finally, it is worth mentioning that many polymorphs of manganese oxides 
and oxyhydroxides are only 5-10 kJ/mol higher in enthalpy than the stable well-
crystallized phases [156]. Recent studies [156, 157] show that the competition 
between surface enthalpy and the energetics of phase transformation can make 
micrometer-sized polymorphs metastable. In view of these data, one can envisage 
the possibility of the formation of a wide range of the polymorphic structures on 





The major findings of this chapter are as follows:  
 
1. The first surface structure, termed the rippled-like consists of a regular pattern 
of elongated structures exhibiting at some surface locations a very regular 
periodicity and size (width). This structure appeared on the surface of an as-
received MnO(100) single-crystal after annealing in UHV in the temperature 
range of 400-560 °C for several cycles of about 30 minutes (total annealing time 
2.5 h), followed by annealing at 580 °C for 30 min. It appeared to be stable when 
the crystal was annealed in UHV for 1.5 h at 700 °C. However, after longer 
annealing under the same conditions it began to flatten out and broaden 
preserving its alignment on the surface. Subsequent annealing in the presence of 
oxygen p(O2)=3×10-6 mbar at 700 °C for 4 h causes its disassembling to elongated 
smaller and flatter islands aligned similar to the initial structure. In addition to the 
rippled-like structure, occasionally symmetric square pits were observed on the 
surface. They ranged from 4 to 11 nm in depth with external sides of 20-50 nm, 
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with the majority having sides of 40 nm. The maximum dimension of the pits is 
ca. 50×50 nm. All the pits sides are inclined by about 45° to the pits’ bottom plane 
as deduced from the line profiles of the AFM images. Annealing at higher 
temperature (650 °C) for 80 min caused the formation of a larger number of the 
pits.  
 
2. Rapid thermal annealing of an as-received MnO(100) single-crystal in Ar (1 
atm) at 1000 °C for 10 min causes a similar response of the surface as observed by 
annealing under UHV conditions, i.e. a similar rippled-like structure appears. 
 
3. Rapid thermal annealing of an as-received MnO(100) sample at 1100 °C for 10 
min in the presence of Ar (1 atm) causes the development of a grain-like structure 
on the surface with very broad smooth top regions. The height of the grain-like 
structure is ~ 40 nm. Subsequent annealing of the crystal for longer time (20, 40 
min) under the same conditions causes the grain-like structure to widen 
preserving at the same time the smoothness of the top sides. Hut-like grains were 
observed at some locations of the crystal.  
 
4. Annealing of an as-received MnO(100) single crystal in oxygen p(O2)=5×10-5 
mbar at 400 °C for 4 h leads to the formation of smooth-topped trapezoid-like 
pillars on the surface. A line profile made at the level of the median line of these 
structures indicated the width of 200-250 nm and the height of 20-25 nm. 
Sometimes intergrowth between the structures has been observed. Exposure to 
UHV conditions at room temperature for 4 days led to the appearance of 
roughness on the initially smooth-topped surfaces of the pillars. Taking into 
account the literature data and the MnxOy bulk phase diagram, it is assumed that 
the trapezoid-like pillars may belong to the Mn3O4 phase or, alternatively, 
represent precipitate-like structures of the MnO phase. One also cannot rule out 
the possibility that the structures may consist of a mixture of MnO and Mn3O4 
phases. 
 
5. A MnO(100) single-crystal annealed in oxygen (1 atm) at 700 °C for 85 min 
exhibited a network of irregularly shaped large grains with a height of about 15 
nm. This surface structure as determined from the XRD measurements and the 
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CHAPTER 6  
 
Platinum deposition on the MnO(100) surface 
 
 
In this chapter we report preliminary studies of the deposition of platinum on the 
as-received MnO(100) surface as well as on the MnO(100) surface altered by 
annealing in UHV, hydrogen and oxygen. The characterization of the samples was 
performed by using AFM, STM, XPS and RBS techniques.  
 
 
6.1 Platinum deposition on an as-received MnO(100) single-crystal 
 
A series of experiments presented in this section were performed with a new as-
received MnO(100) single-crystal. AFM images of this sample showed similar 
surface morphology as was registered previously (see chapter 5, Fig. 5.3). The Rrms 
roughness, measured at several locations of the surface was about 0.6 nm. The 
sample was not processed in any way to clean it from contaminations before metal 
deposition. AFM imaging after deposition of 4.8 ML Pt [Fig. 6.1 (A)] registered a 
surface morphology similar to the as-received sample with 0.5-4 nm deep 
crisscrossed relics of the abrasive sample polishing process. AFM analysis did not 
register any discernible metal deposits on the surface and Rrms roughness was of a 
similar value as on the as-received sample. Any attempt to image the surface after 
Pt deposition by STM failed. The reason for this could be a bad electrical contact 
of the sample with the sample plate combined with the insulating nature of MnO. 
XPS analysis of the sample after Pt deposition revealed all peaks characteristic of 
Pt and substantially attenuated oxygen peak in comparison with the as-received 
sample [Fig. 6.2 (B)]. The peak of carbon contamination was seen as well. Peaks 
characteristic of manganese could not be observed, except barely discernible peaks 
in the 2p and 3p core excitation regions. Thus, the XP spectra clearly indicate that 
the surface is covered with a rather thick Pt layer. It may consist of either a 
homogeneous Pt film or, possibly, a close packed arrangement of Pt clusters. 
Subsequent annealing in UHV at first for 2 h at 650 °C and again for 2.5 h (4.5 h 
total) resulted in the surface topography, as shown in Fig. 6.1 (B). The surface 
became “bumpy” and still exhibited scratches due to the polishing procedure. The 
height of the “bumpy” structures was in the range of 0.5-2 nm.  After annealing 
the sample, the Mn 2p and 3p peaks appeared again, albeit their intensity is lower 
than registered for the as-received sample. Almost all peaks characteristic of 
platinum are well resolved, but they are smaller than after the metal deposition. 
























Figure 6.1:  (A) AFM image (400 × 400 nm2) of the as-received MnO(100) single-crystal 
after deposition of Pt (4.8 ML). (B) AFM image (500 × 500 nm2) of the same sample after 
annealing in UHV for 4.5 h (total) at 650 °C. (C) Inset (300 × 300 nm2) shows the surface in 
more detail. (D) The line profile across a portion of the surface, marked by the black line in 
(C). 
 
positions for manganese and oxygen as registered by XPS before and after the 
metal deposition and the annealing procedures. 
The RBS spectrum of an as-received MnO(100) single-crystal after Pt 
deposition is presented in Fig. 6.3. According to RBS the surface is covered with a 

































Figure 6.2: Survey of XP spectra: (A) As-received MnO(100). (B) As-received MnO(100) 
with 4.8 ML of Pt.  (C) As-received MnO(100) with 4.8 ML of Pt annealed in UHV for 4.5 h 
at 650 °C. 
 
 
Table 6.1: Binding energies (eV) measured on an as-received MnO(100) single-
crystal and Pt (4.8 ML)/MnO(100) sample after annealing in UHV at  650 °C for 
4.5 h. 




An as-received MnO(100) 529.2 641.0 652.8 82. 0 88.0 
Pt (4.8 ML) /MnO(100) 
annealed in UHV at 650 °C 
for 4.5 h 
# 639.6 651.0 # # 




















Figure 6.3: (1) RBS spectrum of the as-received MnO(100) covered with 4.8 ML of Pt. (2) 
Fit to the spectrum made by using the RUMP program. 
 
 
6.2 Deposition of Pt on the MnO(100) surface previously modified by 
annealing in UHV, hydrogen and oxygen  
 
The next set of the experiments were conducted using samples which were 
pretreated as described in § 5.2.1 (A) (Fig. 5.9). After the last treatment described 
in § 5.2.1 (A) the sample was subjected to annealing in hydrogen p(H2)=3.0×10-4 
mbar at 700 °C for 1 h. AFM imaging performed right after this procedure revealed 
a bumpy-like structure on the surface with a height of 20-40 nm (Fig. 6.4). 
Subsequent annealing of the crystal in oxygen p(O2)=3.0×10-4 at 700°C for 3 h 
resulted in the formation of the TLPs (Fig. 6.5). The height of these structures is 
about 20 nm. A line-profile made approximately along the median line of the TLPs 
results in a width of about 250 nm. On the top of the pillars vaguely protruding 
rectangular plate-like structures resembling terraces were observed (see, e.g., the 
location marked with the black rectangular in Fig. 6.5 (A).  At the same time, 
while many of the TLPs had a very rough surface [Fig. 6.5 (B)], the top side of 
some of them appeared to be quite smooth [Fig. 6.5 (C)]. Left for 2 days in UHV 
during a bake out of the setup, the surface exhibited many TLPs, topped with a 
multitude of vaguely protruding rectangular plate-like structures [Fig. 6.6 (A)]. 



















Figure 6.4: AFM images of MnO(100) after annealing in hydrogen p(H2)=3.0×10-4 mbar at 
700 °C for 1 h. Image size: (A) 1500 × 1500 nm2. (B) 400 × 400 nm2. (C) A cross-section 
along the line indicated in (B). 
 
After exposing the crystal to ambient conditions for several days, the top 
surface of the TLPs was found to be covered with a multitude of even better 
defined flat rectangular terrace-like structures (Fig. 6.7). Some of them displayed 
an almost perfect square shape and on the other ones very distinct kinks can be 
seen. For the sake of clarity several AFM images recorded at different scales and at 
different locations of the surface are shown in Fig. 6.8. Unfortunately, atomic 
resolution on the top of the flat regions could not be obtained. After performing 
deposition of 10 ML Pt on this surface, AFM imaging registered the appearance of 
only a minute corrugation on the terrace-like structures. All other structures on 
the images were practically identical to those before deposition. STM imaging of 
the surface was not possible. Again the reason for this could be because of a bad 
electrical contact of the sample and the sample plate. 
 Annealing of this sample in UHV at 300 °C for 1 h and subsequently for 3 h 
at 320 °C did not result in observable changes of the surface topography. The 
rectangular terrace-like structures appeared to be very smooth with minute 





























Figure 6.5: Collection of AFM images of MnO(100) after annealing at 700 °C in oxygen 
p(O2)=3.0×10-4 mbar for 3 h. Image size: (A) 1500 × 1500 nm2.  (B) 1000 × 1000 nm2. (C) 400 
× 400 nm2. (D) A line-profile across the portion of the surface marked with the black line.  
 
Further, the sample was annealed for an extended period of time (16 h) in UHV at 
320 °C. After this procedure the surface topography has changed in the following 
way. The terrace-like structures became rough and covered with particle-like 
structures which occupied their whole surface as detected by AFM (Fig. 6.9). 
Interestingly, this time it was possible to perform STM measurements. It was done 
at a sample bias  voltage of 5.6, 3.2, 2.0, -2.0 V. Except for imaging at a bias of 5.6 
V, which led to the deterioration of the image contrast, the appearance of the 
surface morphology did not change considerably when imaging was carried out at 
other bias voltages as given above. The STM images of the surface taken at 
different tunneling conditions are displayed in Fig. 6.10 and Fig. 6.11. All the 














Figure 6.6: AFM image of MnO(100) after being in the set-up during a bake out for 2 
days. Image size: (A) 1000 × 1000 nm2.  (B) 700 × 700 nm2.  
 
application of any filtering procedure. The surface shows rectangular terrace-like 
structures which are comparable in size to those observed by AFM. The terrace-
like structures are entirely covered by a densely packed layer of three-dimensional 
particle-like structures. Interestingly, at some locations of the surface freed from 
the terraces-like structures the TLPs became visible again. After subsequent 
annealing of the surface at the same temperature for several hours, the surface 
morphology did not exhibit a well-defined topography due to the appearance of a 
very large roughness which precluded stable AFM imaging. With increasing 
annealing temperature the deteriorated parts of the surface expanded until the 
entire surface became disordered. Interestingly, the large TLPs observed by AFM, 
such as shown in Fig. 6.8 (B) could not be imaged by STM. Thus, it is concluded 
that only states within the surface overlayer contribute to the STM image contrast 
at the applied tunneling conditions. The possibility of STM imaging may indicate 
that long annealing of the sample favors the spreading of Pt over the surface. This 
result also illustrates that Pt is mobile on the altered MnO(100) surface well below 
its melting temperature. Due to diffusion it can provide a better contact of the 
sample with the sample plate that makes STM imaging possible. Another 
possibility is that the near-surface region of the MnO crystal can acquire half-
metallic state that allows STM imaging due to the formation of other manganese 
oxides or the formation of vacancies. The latter possibility was pointed out in [1]. 
Finally, it may also be a combination of the described effects. At present it is 
difficult to judge whether the contrast in the images is only due to the formation 
of Pt layer alone. One can also imagine the intermixing of Pt with manganese 
















Figure 6.7: AFM image (1300 × 1300 nm2) of MnO(100) after being in the set-up during a 
bake out for 2 days and exposure to ambient conditions for several days. 
 
near-surface region which would make STM imaging possible. It is known that the 
capability of STM to image, for example, thick insulating films on a conductive 
substrate does not depend primarily on the width of the band gap, but rather on 
the relative positions of the valence and conduction band edges of the insulating 
film with respect to the corresponding band edges of the substrate [2]. Note that 
for all cases a conductive contact with the base plate is required. Inspection of the 
STM images also reveals that platinum decorate the entire surface of the 
rectangular terrace-like structures maintaining by this way their integrity, so to 
say “frosting” them. This is demonstrated by successive annealing of the sample in 
UHV at higher temperature (420 °C) for 3 h. Such sample treatment caused the 3-
D particle-like structures to become more distinctly visible. But at this point 
imaging of the surface by STM was already not possible anymore. As can be seen 
in the AFM images in Fig. 6.12, the pattern of rectangular terrace-like structures 
on the surface began to disintegrate as a result of the annealing and the distance 
between the structures began to widen. At the same time the particle-like 
overlayer still covers the entire terrace-like structures and preserving the shape of 
some of them. Additional annealing of the sample at 420 °C for 3 h led to further 


































Figure 6.8: Series of AFM images of MnO(100) recorded after being in the set-up during a 
bake out for 2 days and exposure to ambient conditions for several days. Image size: (A) 460 




























Figure 6.9:  AFM images of MnO(100) after deposition of 10 ML Pt and annealed for 16 h 






















Figure 6.10: STM topography images of 
10 ML Pt on MnO(100) after annealing in 
UHV at 320 °C for 16 h. Image size: (A) 
1000 × 1000 nm2. (B) 200 × 200 nm2. (C) A 
cross-line section taken along the black 
line. Both images were recorded with 


























Figure 6.11: STM topography images of 
10 ML Pt on MnO(100) after annealing in 
UHV at 320 °C for 16 h. Image size and 
tunneling conditions: (A) 70×70 nm2, Ut=2 
V, It=0.1 nA. (B) 150 × 150 nm2, Ut=-2.0 V, 
It=0.1 nA. (C) A cross-line section taken 




















Figure 6.12: AFM images of MnO(100) 
with 10 ML Pt annealed in UHV at 420°C 
for 3 h. Image size: (A) 500 × 500 nm2. (B) 
200 × 200 nm2. (C) A cross-line section 
















Figure 6.13: AFM images of MnO(100) with 10 ML Pt  further annealed in UHV at 420 °C 





In the context of the present study it is worth noting that so far the growth of only 
two metals, namely Fe [3] and Cu [4], on MnO has been investigated. In both cases 
the deposits were analyzed by XPS. The growth of Fe (1-9 Å) was studied on a 
polycrystalline MnO film grown over a stainless steel substrate at room 
temperature. A layer-by-layer growth mode of iron film was established. 
Successive study [5] revealed that in this coverage range initially strong 
interaction between Fe and the substrate takes place that leads to Fe oxides 
formation. At increased coverage indications were found that the diffusion of 
Fe(O) at the interface took place simultaneously with the growth of an upper 
metallic Fe layer. In the case of Cu some indications were found of a strong 
intermixing between Cu and MnO for low Cu coverage (1-2 Å). At higher 
coverages (3-12 Å), a copper overlayer showed a Cu 3d peak close to the bulk 
value. The experiments indicated initial Cu diffusion into the MnO layer followed 
by the growth of a bulk-like copper layer. 
The AFM imaging performed in the present study showed that 4.8 ML of Pt 
deposited on the as-received MnO(100) sample did not cause an observable change 
of the topography of the surface. However, since platinum was shown to be 
present on the MnO(100) surface by RBS as well as XPS, this points to the 
following possibilities: (a) a closed Pt layer covering all surface structures is 
formed; (b) the metal is distributed on the surface in the form of tiny clusters and 
AFM cannot resolve these structures (to some extend this may be caused by the 
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surface roughness). At present, it is difficult to discriminate between these 
alternatives. XP spectra clearly indicate that the surface is covered with a rather 
thick Pt layer, as the manganese and oxygen peaks are almost completely 
vanished. This fact points to the possibility of the formation of a closed Pt film on 
the surface. After annealing the system in UHV at 650 °C for 4.5 h, XPS shows the 
recovering of manganese and oxygen peaks, although they are smaller than on the 
spectrum of the fresh sample. The peaks characteristic of Pt are also smaller in 
comparison with the sample analyzed after Pt deposition (see Fig. 6.2). This 
implies that the area of the surface covered with Pt must be reduced. Since the 
temperature is too low for Pt desorption one may envisage two possibilities for 
this effect: either Pt deposits sinter making free some part of the surface or Pt 
diffuses into/intermixes with the oxide. The AFM measurements provide no 
evidence for the formation of large Pt particles or agglomerates although as can be 
seen in Fig. 6.1, the surface after the annealing procedure became “bumpy”. 
Probably this surface morphology is the result of Pt agglomeration or its 
intermixing with the material of the support. The latter possibility cannot be 
excluded since indications of an intermixing of Mn and Pt within the first layers 
of the surface were registered at 400 K [6]. Furthermore, at 500-650 °C the 
formation of Pt3Mn compound is possible [7]. The formation of Mn-Pt oxide like 
species and decoration of Pt by MnOx was also suggested by Grbic et al. [8], who 
studied the promotion of Pt/Al2O3 catalyst with MnOx. It should be noted that, 
unfortunately, XP spectra in-high resolution  mode that could clear up the issue of 
platinum and manganese interaction have not been recorded for the MnO(100) 
sample after the metal deposition and after the annealing. 
AFM and STM imaging of the MnO(100) surface altered by annealing in 
UHV, hydrogen and oxygen just after deposition of Pt (10 ML) indicates the 
formation of the closed metal film. Annealing the sample in UHV at 320 °C for 16 
h led to the formation of the 3-D particle-like morphology distinctly observed by 
AFM and STM (Fig. 6.9-6.11). As shown by AFM (Fig. 6.12 and Fig. 6.13), 
subsequent annealing at higher temperature (420 °C) led to the disintegration of 
these structures. Apparently, in this way the Pt layer was partly destroyed and the 
contact with the sample plate was lost that prevented further STM imaging. It 
should be noted that the TLPs that were observed on these samples before Pt 
deposition resemble very much those observed after annealing of the as-received 
MnO(100) surface in oxygen, p(O2)=5×10-5 mbar (§ 5.3.2). As was discussed, this 
surface structure may be composed of the Mn3O4 and/or γ-Mn2O3 phase(s). 
Consequently, the observed particle-like morphology may represent Pt on the 
Mn3O4 and/or γ-Mn2O3 phase(s). 
Concluding this chapter it is instructive to compare the morphology of Pt 
deposits on MnO(100) (– active surface) and HOPG (– “inert” surface). As was 
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found in chapter 4, Pt forms upon deposition 3-D particles on HOPG which 
interact weakly with the atomically smooth surface due to the absence of dangling 
bonds. The formation of Pt 3-D particles on a HOPG surface is in agreement with 
the predictions of the growth mode based on the positive value of the differences 
of the surface energies of these materials, their weak interaction (thus, small 
interface energy) as well as high value of the lattice mismatch. Similarly as for an 
HOPG surface, the growth mechanism of Pt on the MnO(100) can be considered 
using two different approaches. From the viewpoint of the surface free energy, 
Δγ=γPt - γMnO + γint, where γint is the interface energy. A 3-D island growth is 
favored when Δγ > 0, while layer-by-layer growth is favored for Δγ ≤ 0. Since the 
difference in surface energy (γ) of platinum (for the Pt(111) surface γ=2.30 J/m2 
[9]) and MnO (for the (100) surface: γ=0.71-0.86 J/m2 [10]), γPt(111) - γMnO(100), is 
equal 1.44 - 1.59 J/m2, it favors a 3-D growth. However, γMnO(100) was calculated 
theoretically and the accuracy of the performed calculations is unknown at the 
moment. The γint depends on the strain and the strength of chemical interactions 
between metal and oxide at the interface. Despite that metal-oxide interfaces are 
very actively studied [11-18] at present due to structural complexity they are not 
understood well enough. Hence, the value of the γint for metal-oxide interface is 
difficult to calculate and, in general, it is unknown [16-18]. But it is known that 
noble metals do not generally wet oxide surfaces. At low-enough coverage and 
temperature they can sometimes form 2-D particles, but above a critical coverage, 
the metals form 3-D particles [15].  
The other viewpoint is based on the lattice mismatch. The difference of the 
lattice constants is about 13 % in this system. Hence, the non-uniform strain in 
the system may favor a 3-D island growth. In general, in order to predict the 
growth mode these two factors together should be considered. Yet another factor 
which can steer the growth of metallic deposits is the oxide surface stoichiometry 
[15]. It should be noted that the growth mode can be influenced by the presence 
of adsorbates on the surface. Also for the unambiguous establishment of the metal 
growth mode well-defined surfaces are necessary. Taking into account these facts 
it seems that the 3-D growth mode is preferred in the Pt/MnO system. However, 
since Pt particles were not registered upon Pt deposition, it is difficult at present to 
assert definitely which growth mode is realized in the system and further 











In summary, the deposition of Pt on the surface of an as-received MnO(100) 
single-crystal and a MnO(100) surface altered by annealing in UHV, hydrogen and 
oxygen was examined. The main results are as follows:  
 
1. AFM imaging showed that 4.8 ML of Pt deposited on the surface of an as-
received MnO(100) single-crystal appears to form a closed film on the surface. 
Annealing of the sample in UHV at 650 °C for 4.5 h made its surface “bumpy” and 
the height of the “bumpy” structures was in the range of 0.5-2 nm. This may 
indicate Pt aggregation or its intermixing with the manganese oxide phase(s) in 
the near-surface region.  
  
2. Deposition of 10 ML of Pt on the MnO(100) surface which was previously 
altered by a series of annealings under UHV, hydrogen or oxygen, exhibited TLPs, 
topped with rectangular terrace-like structures and resulted in a slight increase of 
the corrugations on the top of these structures. Subsequent annealing of this 
sample for 16 h in UHV at 320 °C resulted in a large increase of the roughness of 
the rectangular terrace-like structures due to the formation of the particle-like 
structures over their entire surface. Successive annealing of the sample in UHV at 
higher temperature (420 °C) for 3 h: the 3-D particle-like structures on the 
terrace-like structures became more pronounced. However, this procedure also led 
to the disintegration of the terrace-like structures at some locations of the surface. 
Additional annealing cycles of the sample at 420 °C for 3 h caused further 
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Summary and recommendations for further research of the model 
catalytic systems described in this thesis 
 
 
This thesis is focused on the study of the morphology of Pt deposits on HOPG and 
MnO(100) surfaces using scanning probe techniques - STM and AFM. The 
Pt/HOPG system with a range of Pt coverages was annealed under UHV and in 
the presence of low pressures of oxygen, carbon monoxide and hydrogen. Based 
on the size distributions of platinum nanoparticles, suggestions were made 
concerning the sintering mechanism of this metal on the HOPG surface. 
A considerable part of the research was devoted to finding ways to prepare 
single-phase manganese oxide surfaces, preferably smooth and well-defined, that 
are suitable to study platinum deposits on the surface. As a starting point a 
MnO(100) surface was chosen. The preparation of a model manganese oxide 
support was carried out by means of annealing of the MnO(100) surface under 
UHV, and in the presence of argon and oxygen at a range of temperatures and gas 
partial pressures. The resulting surfaces were analyzed by several techniques. 
Specifically, the topography of the samples was examined by AFM and STM. X-ray 
diffraction was employed to find out to what extent transformation of MnO phase 
takes place after a specific temperature treatment. XPS was used to identify the 
average oxidation state of manganese in an as-received and in some annealed 
MnO(100) samples. The issue of the near surface region stoichiometry of some 
samples was addressed by use of RBS. 
Platinum deposition was performed on an as-received and on an altered 
MnO(100) surface by annealing in oxygen and hydrogen. 
The formation of surface morphologies found on the MnO(100) surface in 
the course of the study, e.g., the rippled-like structure and trapezoid-like pillars, 
need a detailed examination and more experiments are necessary to understand 
the origin, composition and evolution of these structures. It is believed that such 
information can be obtained by the use of a range of complementary techniques.  
Taking into account the specific properties of the manganese oxide system 
and literature data concerning the vast list of techniques that are used at present 
for surfaces characterization, several techniques are proposed for future studies to 
resolve the structure-morphology-evolution questions.  
In line with conventional XRD used in the present study to measure the 
bulk composition of manganese oxide, grazing incidence X-ray diffraction 
(GIXRD) [1, 2] could be employed to find out the composition of the near surface 
region (1-2 nm). Using synchrotron radiation the sensitivity of this technique can 
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be further increased. 
X-ray Absorption Spectroscopy (XAS) proved to be a highly sensitive 
technique for identifying the valence state of transition metals [3]. The shift of the 
threshold energy can provide information about the valance state of an absorbing 
atom [3, 4]. Considering this, two regions of the XAS adsorption spectrum, the 
first one in a region between the Fermi energy and about 30 eV above the Fermi 
energy (so-called X-ray absorption near edge structure, XANES), and the second - 
above the XANES region (extended X-ray absorption fine structure, EXAFS) can 
provide information about the oxidation state and are sensitive to the short range 
order of an atom even in complex and disordered systems [4]. Conventional 
EXAFS technique can be made more surface sensitive by using grazing incidence, 
and by varying the incidence angle, the surface sensitivity can be increased to the 
nm scale. Usage of synchrotron X-ray radiation of high intensity further extends 
the potential of identifying element’s oxidation state. This technique has already 
been applied to analyze some manganese oxide species [5-12].  
The elemental composition of model manganese oxide surfaces can be 
probed as well by using low energy ion scattering (LEIS) that is exclusively 
sensitive to one atomic layer because of the high neutralization probability of the 
noble gas ions [13, 14]. In addition, it is known that the shape of the background 
contains information about the vertical distribution of elements in the near 
surface region. 
By using electron energy loss spectroscopy (EELS) it is possible to probe 
lattice vibrations of the substrate or electronic transitions that are excited with 
monochromatic low energy electrons [15]. The energy resolution is much better 
than in X-ray spectroscopy, and as a result more structural information can be 
obtained from the fine structure in EELS. Within facilities capable to irradiate a 
support with electrons, as e.g., scanning transmission electron microscope (STEM) 
or transmission electron microscope with energy filter [16], EELS can deliver 
information on composition and electronic structure of the surface phases. In 
addition, EELS combined with these microscopic techniques has advantages 
compared to other spectroscopies to provide spectra from sub-nanometer scale 
area [17]. Ionization edges in the EEL spectrum contain fine structures [called the 
energy-loss near edge structure (ELNES)] and provide information about the 
electronic structure of specimens. The positions of the oxygen K and so-called 
white lines L2 and L3 of manganese as well as their intensity ratio, I(L3)/I(L2) in the 
core-loss EELS spectrum are characteristic of the oxidation state of manganese ions 
in manganese oxides specimens [18].  
Registering lattice vibrations by means of high resolution energy loss 
spectroscopy (HREELS), can help in resolving the surface composition problem of 
manganese oxide surfaces. The technique allows to measure spectra with a 
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resolution of ca. 2 meV [13]. Specifically, different manganese oxides could be 
detected by this technique owing to its capability to register surface optical long 
wavelength phonons, so-called Fuchs-Kliewer (FK) phonons, which are of 
distinctly different energy than the bulk phonons. The HREEL spectrum of poorly 
conducting transition metal oxides shows an intense surface phonon structure 
with multiple phonon excitations. In particular, a HREEL spectrum of rocksalt 
monoxides, to which MnO also belongs, due to its high symmetry usually shows 
intense single loss features with additional losses at integral multiples of the 
single-loss peaks and with intensities decreasing in a Poisson distribution. The 
MnO phase exhibits a series of FK multiple phonon excitations with single 
fundamental loss energy at 70.9 meV [19] and multiple excitations at integral 
values of the fundamental phonon loss energy. Since other manganese oxides 
possess lower symmetry than the MnO phase, their appearance on the surface is 
immediately reflected by changes in HREEL spectra. According to Langell et al. 
[19], the second phonon loss of the Mn3O4 phase mode appears as a distinct peak at 
55.6 meV. However, HREELS might not permit to establish the composition of the 
very near surface region of manganese oxides due to the large probing depth of 
several hundred Ångströms (in semiconductors) and a long decay length of the FK 
phonons [20]. Thus, in principle the combined application of HREELS and SPM 
techniques could deliver a great deal of information for establishing the 
correlation between chemical composition and morphology of the surface. 
Various kinds of vibrational spectroscopy techniques such as surface Raman 
scattering and Fourier transform-infrared (FT–IR) spectroscopy, the theoretical 
background of which can be found, for example, in [13, 21] can also be of aid in 
differentiating between the manganese oxides [22, 23]. The spectra of various 
manganese oxides display bands which are diagnostic for their Mn-O skeleton and 
structural arrangement of basic MnO6 units. The differences in the vibrational 
modes of manganese oxides are mainly attributed to the edge-sharing of the MnO6 
octahedra, intrinsic distortion of the basic MnO6 octahedron and to some extend 
to the variations in average manganese oxidation states. The vibrational modes of 
the MnO6 units expand over 400-650 cm-1 and there are several bands in the low-
wave length region [22]. Owing to distinct patterns in this region by using Raman 
spectroscopy, a direct discrimination between the species is possible.  
Special information about the symmetry of the surface structures of 
manganese oxides, a kind of data that is inaccessible by other surface science 
techniques can be obtained by more extensive use of LEED [3]. 
Selected area (electron) diffraction (SAED) [24] is a crystallographic 
experimental technique similar to X-ray diffraction that can be performed inside a 
transmission electron microscope (TEM). It permits to sample the area as small as 
several hundred nanometers and is used to identify crystal structures and examine 
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crystal defects. However, this method of analysis suffers from the common TEM 
requirement to prepare very thin samples with a thickness of about 100 nm. Thus, 
it would be quite difficult nevertheless possible to implement it to manganese 
oxide analysis. 
Finally, for establishing the structure correlations of different manganese 
oxide phases on the MnO(100) surface as well as for the investigation of the Pt-
MnO interaction, theoretical calculations, with, e.g., density functional theory 
methods [25] would be of great importance.  
In conclusion, I would like to note that the techniques employed in the 
presented work allowed only the post-treatment examination of the surfaces. 
Pursuing further research it would be interesting to perform in-situ real time SPM 
imaging of the studied model catalytic systems under similar conditions which 
were employed in the present work. Such experiments would directly answer the 
questions regarding the evolution of structural changes on the surface. In future 
studies of manganese oxide based model catalysts it would also be interesting to 
image other surfaces of MnO and surfaces of other manganese oxides. It is believed 
that for this purpose, besides synthetically grown single-crystals, one may also use 
some of the naturally occurring manganese oxide species, for example Mn2O3 and 
Mn3O4, which can form well-defined large enough crystals. It is hoped that Pt 
deposition on different manganese oxide surfaces and investigation of such model 
systems under different environments by scanning probe techniques, as well as 
techniques proposed in this section, can deliver a wealth of information on the 
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Model catalysts imply catalytic systems of simpler structure and composition than 
“real-world” catalysts and, in general, this leads to a reduction of the number of 
parameters to be taken into consideration. Therefore, this methodology has 
already been used for several decades as a convenient tool contributing to 
understand the action of real complex catalysts. Albeit this approach is not free 
from drawbacks related to the so-called “materials and pressure gaps”, it provides 
valuable data about various phenomena occurring in important catalytic systems. 
  The first step that must be taken to be able to realize model catalyst 
studies is the preparation of well-defined model surfaces and the determination of 
their composition. In subsequent stages of the research these surfaces can serve as 
supports of the desired catalytic phase(s). In most model catalyst studies, different 
single-crystal metal surfaces were exploited. Single-crystal oxide surfaces are 
much more complex than metal surfaces and the preparation of these surfaces 
with well-defined morphologies and composition is quite a daunting task. 
 
 
This thesis aimed at preparing and characterizing two different model catalysts 
after their exposure at different temperatures to hydrogen, oxygen and carbon 
monoxide. The experiments were performed in an ultra-high vacuum set-up using 
a range of techniques including scanning tunneling and atomic force microscopy. 
The first part of this thesis deals with platinum deposited onto a 
HOPG(0001) surface. The effect of annealing in UHV and in the presence of low 
pressures of pure gases, namely, oxygen, carbon monoxide and hydrogen on the 
growth behavior and morphology of the metal deposits is described.  
The second part of the thesis is devoted to the preparation of model 
manganese oxide surfaces starting with the MnO(100) surface, which was used as a 
support for platinum deposits.  
The morphology of the platinum deposits on the HOPG(0001) surface was 
analyzed by STM. By the analysis of the STM images, it was found that a sub-
monolayer of the deposited metal on this surface forms randomly distributed two-
/three-dimensional particles. A small part of the particles decorated the step edges 
of the substrate. Deposition of several monolayers of platinum led to the formation 
of a sponge-like film, which after annealing in UHV appeared to become more 
structured. At some locations of the film a hexagonal pattern was registered. 
Annealing in UHV and in the presence of low pressures of CO, oxygen and 
hydrogen resulted in the formation of Pt particles with a very narrow distribution 
of the apparent height. The particles became larger with increasing annealing time 
and this process appeared to be faster in the presence of those gases. The most 
pronounced effect was observed after annealing in the presence of carbon 
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monoxide. After annealing in an atmosphere of a low pressure of CO, a very 
strong decoration of step edges with spherical particles was registered. Many of 
such particles were found to assemble into aggregates consisting of a number of 
the particles. Prolonged annealing in hydrogen under identical conditions resulted 
in a similar apparent average height of platinum particles as was observed after 
annealing in oxygen and carbon monoxide. However, the histograms of the 
apparent height of the particles exhibited two peaks. In addition to the larger 
particles, smaller particles with an apparent height of 0.2-0.3 nm have been 
detected. 
Analysis of the morphology and height distribution of Pt nanoparticles on 
the HOPG(0001) surface after annealing in UHV and in the presence of low 
pressures of CO, O2 and H2 indicates that Pt particles grow due to coalescence. 
Since at present no “recipes” exist for obtaining well-defined manganese 
oxide surfaces suitable for metal deposition, a great deal of work has been spent on 
finding the preparation procedures that can result in such surfaces.  
The preparation of manganese oxide surfaces was based on annealing of 
MnO(100) single-crystals at different temperatures in UHV and in the presence of 
argon, oxygen and hydrogen. It was found that this surface exhibits a quite 
dynamic behavior resulting in the formation of several interesting surface 
structures. The influence of the annealing conditions on the behavior of these 
surface morphologies was studied. Some general assumptions concerning the 
origin of the formation and the chemical composition of the observed surface 
structures were made. 
The first surface structure, termed the rippled-structure, consisted of a 
distinct and regular pattern of elongated structures exhibiting at some surface 
locations a regular periodicity. The structure appeared on the surface of an as-
received MnO(100) single-crystal after annealing in UHV. A similar surface 
morphology was revealed after rapid annealing of an as-received MnO(100) 
single-crystal in a rapid thermal annealing furnace at much higher temperature 
under an atmospheric pressure of argon. It is suggested that this structure may 
represent a stoichiomentric/non-stoichiometric probably metastable manganese 
oxide phase, which is different from the bulk of the crystal.  
Rapid annealing of MnO(100) for a short time at 1100 °C in the presence of 
an atmospheric pressure of argon, led to the development of a grain-like structure 
on the surface, which was topped with very broad smooth regions. Several 
subsequent anneal cycles of the sample for extended periods of time under the 
same conditions caused the grain-like structure to widen while preserving the 
smoothness of the top sides. 
Annealing of an as-received MnO(100) sample under a low pressure of 
oxygen results in the formation on the trapezoid-like pillars with flat atop surface. 
The pillars were about 200-250 nm in width and 20-25 nm in height. The 
exposure of this structure to UHV conditions at room temperature for 4 days led to 
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the appearance of roughness on the initially almost flat atop surface of the pillars. 
Taking into account the Mn-O bulk phase diagram and literature data, 
assumptions have been made that the trapezoid-like pillars may belong to the 
Mn3O4 phase. Alternatively it was hypothesized that this structure may belong to 
the precipitates of the MnO phase.  
MnO(100) annealed at an atmospheric pressure of oxygen at higher 
temperature showed a network of irregularly shaped large grains with a height of 
about 15 nm. According to the Mn-O bulk phase diagram, this surface structure 
may belong to the Mn3O4 and/or γ-Mn2O3 phase. Finally, the first results of 
platinum deposition on the an as-received MnO(100) surface and on this surface 
altered by annealing in the presence of oxygen and hydrogen are presented. AFM 
and XPS measurements indicated that platinum deposited in an amount of several 
monolayers on the fresh MnO(100) surface apparently forms a closed metal film 
which consists of a smooth metal layer or a layer of tightly packed nanoparticles. 
AFM images taken after annealing the sample in UHV indicate platinum on the 
surface. Platinum intermixing with the manganese oxide phase(s) in the near 
surface region can also not be excluded. 
The deposition of about 10 ML of platinum on the MnO(100) surface 
altered by annealing under UHV, hydrogen and oxygen and exhibiting trapezoid-
like pillars, topped with rectangular terrace-like structures caused the appearance 
of a slight corrugation on the surface of these structures. Successive prolonged 
annealing of this system in UHV caused the rectangular terrace-like structures to 
become rough and covered with particle-like features which occupied their entire 
surface as found by AFM and STM measurements. Further annealing of the sample 
in UHV at higher temperature resulted in more pronounced particle-like 
structures on the terraces. However, yet another annealing under identical 
conditions led to the disintegration of the terrace-like structures and STM imaging 
was not possible anymore.  
This thesis concludes with a discussion on the perspectives of further 
research of the studied model catalytic systems. In view of this, some suggestions 
concerning the determination of manganese oxide phases which can form on the 
MnO(100) surface by other physico-chemical methods are presented. The results 
of the present work can serve for the investigation of other manganese oxide 













De grote vereenvoudigingen in samenstelling en structuur evenals de 
vermindering van het aantal parameters die in overweging moeten worden 
genomen, hebben modelkatalysatormethodologie gemaakt tot een geschikt 
hulpmiddel om de werking van echte complexe katalytische systemen te 
bestuderen. Niettegenstaande het feit dat deze benadering niet vrij is van nadelen 
gerelateerd aan de zogenaamde „materiaal- en drukkloof“ verstrekte het een grote 
hoeveelheid waardevolle informatie over verschillende fenomenen die in een 
range van belangrijke katalytische systemen voorkomen.  
Het basisidee van modelkatalyse is om de katalytische eigenschappen van 
katalysatoren met een goed gedefineerde oppervlaktestructuur en samenstelling te 
bestuderen. Tot nu toe werden voor dit doel bijna uitsluitend verschillende metaal 
éénkristaloppervlakken gebruikt. Naast metaaloppervlakken, kan de studie van 
andere éénkristaloppervlakken, in het bijzonder van oxide-oppervlakken 
ongetwijfeld extra inzicht geven in details van processen, die op oppervlakken van 
de in de industrie gebruikte katalysatoren kunnen voorkomen. Eénkristaloxyde-
oppervlakken zijn complexer dan metaaloppervlakken en het prepareren van 
schone, geordende oxyde-oppervlakken is over het algemeen niet eenvoudig.  
 
 
Het doel van dit proefschrift was de bereiding van deze oppervakken en de 
karakterisering van de oppervlaktemorfologie en de samenstelling van 
modelkatalysatoren na hun blootstelling bij verschillende temperaturen aan lage 
drukken van de gassen waterstof, zuurstof en koolmonoxide met behulp van de 
technieken uit de oppervlaktewetenschap. Voor deze studie werden twee 
modelkatalysatorsystemen gekozen. De experimenten werden uitgevoerd in een 
UHV opstelling met gebruik van een reeks van technieken waarvan 
rastertunnelmicroscopie en atoomkrachtmicroscopie de sleuteltechnieken waren. 
Het eerste deel van de dissertatie behandelt de depositie van platina op het 
HOPG(0001) oppervlak. Bestudeerd werd het effect van thermische behandeling 
in UHV en in de aanwezigheid van lage drukken van de gassen van waterstof, 
zuurstof en koolmonoxide op het gedrag en de morfologie van de metaaldepositie. 
Het tweede deel van dit proefschrift is gewijd aan het verkrijgen van de 
modeloppervlakken van mangaanoxyden uitgaande van het MnO(100) oppervlak. 
Deze modeloppervlakken kunnen weer als een substraat voor platinadepositie 
dienen.  
Het gedeponeerde platina en het HOPG(0001) oppervlak werd bestudeerd 
met behulp van een STM. Na analyse van de STM beelden blijkt dat een 
submonolaag gedeponeerd metaal op dit oppervlak random twee/drie-
dimensionale deeltjes vormt. Een klein deel van deze deeltjes decoreert de 
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stapranden aanwezig op het substraat. Depositie van enkele monolagen van platina 
leidt tot de vorming van een sponsachtige film, die na verhitting meer 
gestructureerd lijkt te geworden. Op sommige locaties werd een hexagonaal 
patroon geregistreerd. Verhitting in UHV en in aanwezigheid van de genoemde 
gassen resulteerde in de vorming van een zeer smalle hoogteverdeling van de 
platinadeeltjes. De gemiddelde deeltjeshoogte verschuift naar grotere waarden bij 
langere verhitting en dit proces was sneller in aanwezigheid van de gassen. Het 
meest uitgesproken effect werd waargenomen na verhitting in aanwezigheid van 
koolmonoxide. Na verhitting in aanwezigheid van dit gas werd een zeer sterke 
decoratie met sferische deeltjes van stapranden geregistreerd. Veel van deze 
deeltjes assembleren tot aggregaten die uit verscheidene afzonderlijke deeltjes 
bestaan. Langdurige verhitting in waterstof onder identieke condities resulteerde 
in een zelfde gemiddelde hoogte van de platina deeltjes zoals gevonden na 
verhitting in zuurstof en koolmonoxide. De hoogte-histogrammen van de platina 
deeltjes lieten hier twee pieken zien. Bovendien zijn bij de grotere deeltjes fijn 
verdeelde Pt deeltjes met een duidelijke hoogte van 0.2-0.3 nm zichtbaar.  
De analyse van de morfologie en hoogtedistributie van de Pt nanodeeltjes 
op het HOPG(0001) oppervlak na thermische behandeling in UHV en in 
aanwezigheid van alle gassen wijzen erop dat de platinadeeltjes groeien door 
coalescentie.  
Omdat er geen „recepten“ bestaan voor het verkrijgen van een goed 
gedefinieerd oppervlakken van mangaanoxyde geschikt voor de depositie van een 
metaal, is er veel onderzoek gedaan naar procedures om dergelijke oppervlakken 
te verkrijgen. 
De bereiding van de oppervlakken van het mangaanoxyde is gebaseerd op 
verhitting van het verse MnO(100) kristal bij verschillende temperaturen in UHV 
en in aanwezigheid van argon, zuurstof of waterstof. We vonden dat dit oppervlak 
een sterk dynamisch gedrag vertoonde in de vorming van enkele typische 
oppervlaktestructuren. 
De invloed van verhittingcondities op het gedrag van de geregistreerde 
oppervlaktemorfologien werd bestudeerd. Er zijn suggesties gedaan ten aanzien 
van de oorsprong van de vorming en de samenstelling van deze structuren. 
De eerste oppervlaktestructuur, genoemd de golfachtige structuur, bestaat 
uit een regelmatig patroon van verlengde structuren met op sommige plaatsen op 
het oppervlak een regelmatige periodiciteit. De structuur verscheen op het verse 
MnO(100) oppervlak na verhitting in UHV. Een soortgelijke structuur werd 
gevonden na snelle verwarming in argon van een vers MnO(100) kristal in een 
snelle thermische verhittingsoven bij veel hogere temperatuur. We stellen voor 
dat deze structuur een stoichiometrische of niet-stoichiometrische fase van het 
waarschijnlijk metastabiele mangaanoxyde is, die verschillend is van die van het 
inwendige van het kristal. 
Snelle verhitting van een ander MnO(100) monster in argon gedurende een 
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korte tijd op 1100 °C leidt tot de ontwikkeling van een korrelachtige structuur op 
de oppervlak met zeer brede gebieden. Bij verdere verhitting van het monster 
gedurende een langere tijd onder dezelfde omstandigheden worden de 
korrelachige structuren breder. 
Een thermische behandeling van het verse MnO(100) kristal onder een lage 
druk van zuurstof bewerkstelligt op het oppervlak de vorming van gladde 
trapezoid vormige eilanden. De eilanden zijn ongeveer 200-250 nm breed en 20-
25 nm hoog. Na lange tijd in UHV en bij kamertemperatuur werd ruwheid 
gevonden op de aanvankelijk gladde oppervlakken van deze eilanden. 
Rekening houdend met het mangaan-zuurstof fasediagram en volgens 
literatuurgegevens veronderstellen we dat de trapezoide eilanden tot de Mn3O4 
fase kunnen behoren. Verwarming van het MnO(100) kristal in zuurstof bij 
hogere temperatuur resulteert in een netwerk van onregelmatig gevormde grote 
korrels met een hoogte van ongeveer 15 nm. Volgens het mangaan-zuurstof 
fasediagram kan deze oppervlaktestructuur of tot de Mn3O4 en/of γ-Mn2O3 fase(n). 
Tot slot worden de eerste resultaten gepresenteerd van het onderzoek naar 
de depositie van platina op het verse MnO(100) oppervlak en het effect van 
verhitting in aanwezigheid van zuurstof en waterstof. De uitgevoerde AFM en 
XPS metingen wijzen erop dat platina, dat in een hoeveelheid van enkele 
monolagen op het verse MnO(100) oppervlakte was gedeponeerd, blijkbaar een 
gesloten metaalfilm die uit een vlotte metaallaag of een laag strak ingepakte 
nanoparticles vormt. De AFM beelden na verhittng van het monster in UHV 
wijzen erop dat het platina clusters op het oppervlak zou kunnen vormen of zich 
mengt met de fase van het mangaanoxyde van de bovenste lagen van het MnO.  
Depositie van ongeveer 10 ML platina op het MnO(100) oppervlak, gevolgd 
door een reeks van verhittingscycli onder UHV, zuurstof en waterstof, leidt tot het 
vormen van trapezoide eilanden met  rechthoekige terrassen er bovenop, die door 
behandeling ruwer worden. Het opeenvolgende verhitting van de monster in 
UHV bij hogere temperatuur veroorzaakte de deeltjelijk structuren op de terrassen 
werd meer uitgesproken. Nochtans, het verdere verhitting in identieke 
voorwaarden tot de desintegratie van de terraslijk eigenschappen en tot de daling 
van stabiliteit van de AFM metingen en onmogelijkheid om STM metingen uit te 
voeren.  
Dit werk besluit met het bespreken van de perspectieven van verder 
onderzoek van de bestudeerde model katalytische systemen. Sommige suggesties 
betreffende de bepaling van de fasen van het mangaanoxide door andere fysisch-
chemische methodes worden voorgelegd. De resultaten van het huidige werk 
kunnen dienen voor het onderzoek van andere oppervlakten van het 






Модельні каталізатори мають значно простішу структуру, ніж реальні 
каталізатори, що дає змогу зменшити кількіcть параметрів, які зазвичай  
потрібно враховувати. Тому модельні каталітичні системи вже впродовж 
декількох десятиліть виявляються зручним об’єктом для вивчення дії 
складних каталітичних систем. Незважаючи на те, що цей підхід має ряд 
недоліків пов’язаних з так званими “прогалинами матеріалів та тиску”, він 
забезпечує отримання цінних даних щодо фізико-хімічних процесів, які 
відбуваються у важливих  каталітичних системах.  
Першочерговим кроком на шляху до проведення досліджень 
модельних гетерогенних каталізаторів є приготування модельних поверхонь, 
які мають потрібну структуру та хімічний склад. В подальшому ці поверхні 
можуть слугувати як підкладки для цільових каталітичних фаз. Донедавна в 
дослідженнях модельних каталізаторів переважно використовувалися різні 
поверхні монокристалів металів. Cтруктура поверхні монокристалів оксидів є 
значно складнішою, ніж структура поверхні металів і приготування цих 
поверхонь з бажаною морфологією та хімічним складом є важкою задачею.  
 
Метою даної роботи було приготування і дослідження двох модельних 
каталізаторів після їх експозиції при різних температурах у середовищі 
монооксиду вуглецю, водню та кисню. Експерименти проводилися у 
надвисоковакуумній установці з застосуванням ряду фізико-хімічних методів, 
включаючи сканувальну тунельну та атомно-силову мікроскопію (СТМ та 
АСМ).  
Перша частина роботи присвячена дослідженню вакуумно 
напорошеної платини на поверхні високо орієнтованого піролітичного 
графіту - HOPG(0001). Досліджено ефект нагрівання зразків у надвисокому 
вакуумі (НВВ) і при низькому тиску в середовищі чистих газів: монооксиду 
вуглецю, кисню та водню на перебіг росту та морфологію напорошеного 
металу.  
Друга частина роботи присвячена приготуванню модельних поверхонь 
оксиду(ів) марганцю. В якості досліджуваних зразків використовувались 
монокристали оксиду марганцю - MnO(100), які в подальшому слугували як 
підкладки для вакуумно напорошеної платини. 
Морфологія напорошеної на поверхню HOPG(0001) платини 
досліджувалася за допомогою СТМ. Аналіз отриманих СТМ-зображень 
субмоношару напорошеного металу виявив, що платина утворює на цій 
поверхні хаотично розподілені дво-/тривимірні частинки. При напорошенні 
декількох моношарів платини  утворюється губкоподібна плівка, яка після 
вiдпалу у НВВ  стає більш структурованою. В деяких місцях плівки було 
виявлено гексагональні структури. Нагрівання зразків у НВВ і в середовищі 
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низького тиску СО, O2 та H2 привело до утворення частинок платини з дуже 
вузьким розподілом їх видимої висоти. Із збільшенням часу нагрівання 
спостерігалося збільшення частинок, і цей процес видавався швидшим за 
наявності цих газів. Найбільш значний ефект виявився після нагрівання 
зразків у присутності СО. Після нагрівання в атмосфері низкого тиску цього 
газу спостерігалося дуже сильно виражене декорування країв сходинок 
підкладки сферичними частинками. Значна їх частина утворювала агрегати, 
які складалися з декількох окремих частинок. Тривале нагрівання у 
середовищі H2 в ідентичних умовах привело до утворення частинок з 
подібною видимою середньою висотою до тієї, яка спостерігалася після 
нагрівання у середовищі СО та О2. Однак на гістограмах розподілу видимої 
висоти частинок спостерігалися два піки. Поряд з більшими частинками було 
виявлено менші частинки з видимою висотою 0.2-0.3 нм. 
Аналіз морфології і розподілу видимої висоти платинових частинок на 
поверхні HOPG(0001) після нагрівання у НВВ і в середовищі низького тиску 
СО, O2 та H2 вказує на те, що ріст частинок платини відбувається шляхом 
коалесценції.  
Так як на даний час не існує “рецептів”, за допомогою яких можна 
отримувати поверхні оксидів марганцю придатних для напорошення металу, 
значна частина роботи була присвячена пошуку процедур для отримання 
таких поверхонь.  
Приготування поверхонь оксидів марганцю базувалося на нагріванні 
монокристалу MnO(100) при різних температурах у НВВ, а також у 
середовищі аргону, кисню та водню. Встановлено, що ця поверхня досить 
динамічно реагує на нагрівння, що проявляється в утворенні декількох 
цікавих поверхневих структур. Вивчено вплив умов нагрівання на перебіг 
формування цих поверхневих структур, а також зроблені деякі припущення 
щодо причин їх утворення та хімічного складу. 
Перша поверхнева структура, яка була названа ребристоподібною, 
складалася з чітких і регулярних ділянок продовгуватих структур. Ця 
структура утворювалася на поверхні монокристалу MnO(100) після 
нагрівання у НВВ. Подібна морфологія поверхні була виявлена також після 
швидкого нагрівання монокристалу в печі швидкого нагрівання при значно 
вищій температурі при атмосферному тиску аргону. Було зроблено 
припущення, що ця структура представляє стехіометричну/нестехіометричну 
фазу, яка відрізняється від фази монокристалу.   
Швидке нагрівання монокристалу MnO(100) впродовж короткого часу 
при 1100 °C у середовищі аргону (1 атм) привело до утворення на поверхні 
зернистоподібної структури. Верхня частина цієї структури була гладкою. 
Декілька наступних циклів нагрівання зразка впродовж тривалого часу в 
таких самих умовах викликали збільшення латеральних розмірів цієї 
структури, при цьому видимих змін на її поверхні не спостерігалося. 
 165
Нагрівання зразка MnO(100) в середовищі низького тиску кисню 
привело до утворення на поверхні трапезоїдальних острівців, з майже 
плоскою верхньою частиною. Острівці мали ширину біля 200-250 нм і висоту 
біля 20-25 нм. Перебування цього зразка у НВВ при кімнатній температурі 
впродовж 4 днів привело до появи шорсткості на поверхні острівців. 
Враховуючи фазову діаграму Mn-O і літературні дані було зроблено 
припущення, що трапезоїдальні острівці можуть складатися з фази Mn3O4. 
Висловлено також альтернативне припущення щодо можливості їх 
належності  до преципітатів фази MnO.  
На поверхні монокристалу MnO(100) нагрітому при атмосферному 
тиску кисню до високої температури було виявлено зернистоподібну 
структуру висотою близько 15 нм. Згідно з фазовою діаграмою Mn-O ця 
поверхнева структура може бути  Mn3O4 i/або γ-Mn2O3 фазою. 
У заключній частині роботи представлені перші результати вакуумного 
напорошення платини на поверхню MnO(100) та на цю поверхню 
модифіковану нагріванням у середовищі кисню та водню. Дослідження за 
допомогою АСМ та рентгенівської фотоелектронної спектроскопії вказують 
на те, що платина напорошена в кількості декількох моношарів на поверхню 
MnO(100) утворює суцільну металеву плівку, або шар щільновпакованих 
наночастинок. АСМ зображення отримані після нагрівання зразка у НВВ 
вказують на присутність платини на поверхні. Проте не можна також 
виключати і можливість змішування платини з фазою(зами) оксиду(ів) 
марганцю у приповерхневому шарі або утворення платино-марганцевого 
сплаву. 
Напорошення 10 моношарів платини на MnO(100) поверхню змінену 
нагріванням у НВВ, водні та кисні, на якій були наявні трапезоїдальні 
острівці, верхня частина яких була вкрита прямокутними терасоподібними 
структурами, привело до появи шорсткості на їх поверхні у вигляді 
частинкоподібних структур. Наступне нагрівання зразка у НВВ при вищій 
температурі викликало появу більш чітко вираженої частинкоподібної 
структури. Проте подальше нагрівання зразка в ідентичних умовах 
спричинило деградацію терасоподібних структур і проведення аналізу зразка 
за допомогою СТМ стало неможливим. 
Підсумковий розділ роботи містить короткий огляд основних 
результатів досліджень та обгрунтовання рекомендацій та пропозицій щодо 
подальшого дослідження запропонованих модельних каталізаторів. Зокрема 
запроповано ряд інших фізико-хімічних методів, які можна було б 
застосувати для повнішого аналізу поверхні оксидів марганцю. Результати 
представленої роботи можуть бути використані для дослідження інших 
поверхонь монокристалів оксидів марганцю, а також для поглибленого 
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